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Brain-derived neurotrophic factor (BDNF) and neurotrophin-4 (NT-4) are two 
neurotrophins that play distinct roles in geniculate (taste) neuron survival, taste 
innervation and taste bud formation. These two neurotrophins activate the same receptors 
tyrosine kinase B (TrkB) and a pan-neurotrophin receptor (p75). While the roles of these 
neurotrophins have been well studied, it remains unclear how much BDNF and NT-4 
function through TrkB and p75 to regulate taste development in vivo. In chapter 2, I 
compared taste development in TrkB-/- mice and Bdnf-/-/Ntf4-/- mice to determine if these 
deficits were similar. If so, this would indicate that the functions of both BDNF and NT-4 
can be accounted for by TrkB signaling. I found that TrkB-/- mice and Bdnf-/-/Ntf4-/- mice 
lose the same number of geniculate neurons by E13.5, indicating that BDNF and NT-4 
primarily function through TrkB to regulate geniculate neuron survival. Surprisingly, the 
few geniculate neurons remaining in TrkB-/- mice are more successful in innervating the 
tongue and taste buds than those remaining in Bdnf-/-/Ntf4-/- mice. As a result these 
remaining neurons in the TrkB-/- mice innervate and support the development of a 
surprising number of taste buds. In addition, these remaining neurons do not express the 
TrkB receptor, indicating the either BDNF or NT-4 must function through an additional 
receptor to influence taste innervation and/or targeting. 
The p75 receptor can function as either a pro-survival or pro-death factor during 
peripheral nervous system development. However, the role of p75 in taste development is 
unknown. In chapter 3, I examined neuron survival, taste bud formation and 
tasteinnervation in the p75-/- and TrkB-/-/p75-/- mice. I found that at E13.5, the age after 
BDNF and NT-4 dependence is established, p75-/- mice did not lose geniculate neurons 
compared to the wild type mice. This finding indicates that p75 does not mediate 
neurotrophin neuronal survival at or before this age. Hybrid TrkB-/-/p75-/- mice had the 
same number of geniculate neurons as TrkB-/- mice, suggesting that p75 does not induce 
neuron death in the absence of Trk-signaling like it does for some other systems. By 
E14.5, there is a loss of geniculate neurons in p75-/- mice which continues until E18.5. 
Also at this age, the pattern of chorda tympani nerve innervation was disrupted in the 
p75-/- mice. Specifically, the nerves avoid innervating the mid-region of the tongue. Due 
to the loss of innervation, the taste bud number was decreased in the p75-/- mice. It is 
possible that the neuron loss is due to this disrupted innervation pattern. Interestingly, 
TrkB-/-/p75-/- mice have more taste buds than p75-/- mice. These additional taste buds are 
not innervated which suggests that p75 may function as a pro-death factor in the taste bud 
during development. Taken together, my results suggest that p75 does not mediate the 
neurotrophin survival function for taste neuron development. Instead, it is important for 
taste innervation and branching to the tongue middle line and could influence taste cell 
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1.1 Adult taste system anatomy and function 
1.1.1 Taste and taste buds 
Taste (gustation), is one of the five basic senses in vertebrates, among the others 
are vision, audition, olfaction and somatosensation. Through taste sensation, we are able 
to detect pleasure or harmful substances in foods and make wise decisions for our eating 
behaviors. Up to now, five essential taste senses have been characterized: sweet, bitter, 
sour, salty and umami (amino acid). In general, sweet, umami and low concentration of 
salty are considered as palatable tastes, which allow us to be aware of nutritionally rich 
food; while bitter, sour and high concentration of salty are unpalatable, which are 
considered to function in letting us avoid harmful molecules. 
Taste in vertebrates is detected by peripheral receptors called taste buds. All 
vertebrates (except hagfish) have taste buds. In humans, taste buds are located on the 
surfaces of tongue, soft palate, pharynx, epiglottis, and upper esophagus. On the tongue, 
taste buds are housed in specialized epithelium placodes called papillae. Three types of 
papillae are found on human tongue (Figure 1): (1) Mushroom shaped fungiform papillae 
that scatter throughout the front area of the tongue. (2) Short vertical folds-like foliate 
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papillae at the lateral margins of the tongue. (3) Dome-shaped circumvallate papillae 
situated at the very back of the tongue. 
 
1.1.2 Taste bud innervation and taste signal transduction  
Taste buds that reside in different types of papillae are innervated by distinct 
nerves from the cranial ganglions (Figure 2). Fungiform papillae and part of the foliate 
papillae are innervated by chorda tympani nerve, and taste information received from 
these papillae is relayed to taste neurons in the geniculate ganglion. In addition, the 
geniculate ganglion innervates taste buds on the soft palate via the Greater Superficial 
Petrosal (GSP) nerve. Lastly, the geniculate ganglion also provides somatosensory 
innervation to the outer ear.  
The circumvallate papillae and most of the foliate papillae are innervated by 
glossopharyngeal nerve from the petrosal ganglion. Both the geniculate and petrosal 
ganglia relay taste signal to a higher brain structure called nucleus of the solitary tract 
(NST). From there, taste information is transmitted through the parabrachial nucleus (in 
rodents) or directly to the ventral posteromedial nucleus of the thalamus (in primates). 





1.1.3 Taste cells 
 In mammals, taste buds contain about 50-100 elongated epithelia cells and a few 
proliferative basal cells. Morphological studies have characterized four types of taste 
cells (Figure 3): dark cells, light cells, intermediate cells and basal cells ([1], [2], [3], [4]). 
Dark cells, which are the most numerous, are so called because they tend to accumulate 
basophilic dyes. Light cells, are so named due to their aversion for basophilic dyes. 
Intermediate cells, in some cases, may be undifferentiated cells which derive into dark 
and light cells ([5]). However, these three types of taste cells may represent different cell 
lineages ([1], [2], [3], [6]). Last, basal cells are small round cells at the base of taste buds. 
They are thought to be stem cells from which other cells are derived, in addition, they 
may function as interneurons in some vertebrates ([1], [2], [3]). 
 
1.1.4 Taste receptors 
 Taste buds contain receptors for taste stimuli. Taste receptors for umami, sweet, 
bitter, salty and sour have been characterized (Figure 4). Umami and sweet are mediated 
by three G-protein-coupled receptors (GPCRs), including T1R1, T1R2 and T1R3. 
T1R1+3 function as a mammalian umami receptor and T1R2+3 as a sweet receptor ([7], 
[8], [9], [10]). Bitter is mediated by a family of highly divergent GPCRs (the T2Rs). 
Studies from mutants of T2R genes validated that T2Rs are essential and sufficient for 
bitter coding ([11], [12]). 
 Sour and salty have been shown as direct entry of H+ or Na+ through specialized 
membrane proteins. For sour, a member of TRP family, PDK2L1, has been identified 
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([13], [14], [15]). However, a large group of receptors have also been proposed to 
function in sour transduction ([16], [17], [18], [19], [20], [21], [22]). For salty, it has been 
shown that the epithelial sodium channel (ENaC) is responsible for Na+ taste receptor cell 
activation, however, it is likely only one of multiple mechanisms for Na+ taste 
transduction. ([21], [23]). 
 
1.2 Neurotrophins in sensory neuron development 
1.2.1 Neurotrophins  
Neurotrophins are a group of structurally related trophic factors that are important 
for the survival, development, and function of the nervous system in vertebrates. Four 
members of the neurotrophic factor family have been characterized in mammals, 
including nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), 
neurotrophin 3 (NT-3), and neurotrophin 4 (NT-4).  
The initial role of neurotrophins was described by the following central idea: 
innervated targets create limiting amount of growth factors that would balance the size of 
targets and the number of innervating neurons. NGF was the first neurotrophin that was 
purified, and it has been shown to support the survival of sympathetic and sensory spinal 
neurons ([24]). After the identification of NGF, other neurotrophins were purified and 
cloned. In vitro studies using explants of peripheral sensory organs had suggested that 
each neurotrophin functions in different (although overlapping) sensory neuron 
populations ([25]).  
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1.2.2 Role of neurotrophins in sensory neuron development 
Sensory neurons that relay distinct modalities of sensory information tend to be 
segregated into different ganglia, thus sensory neurons in specific ganglia are often 
affected by different neurotrophins. However, for some ganglia, such as DRG and 
trigeminal sensory ganglia, neurons conveying different modalities of sensory 
information are mixed in the same ganglia, so differential neurotrophins regulate the 
neurons with different sensory modalities in these ganglia. In vivo studies with 
neurotrophin mutant mice have allowed the identification of different neurotrophin 
dependences for specific sensory ganglia. Table 1 shows the summary of neuronal loss in 
the sensory system of neurotrophin- and neurotrophin receptor- deficient mice. 
In addition to the role in promoting neuronal survival, neurotrophins are also 
involved in multiple aspects of the development of the sensory system, including 
neuronal differentiation, axon elongation and target innervation, and synapse formation 
([26]). In the taste system, most studies have been focused on the role of BDNF and NT-4. 
These two neurotrophins regulate taste neuron survival, taste nerve outgrowth and 
targeting and taste bud development.  
 
1.2.3 Neurotrophin receptors  
The neurotrophins function as homo-dimers, and activate protein tyrosine kinase 
receptors, which include three members: TrkA, TrkB, and TrkC. TrkA is the receptor for 
NGF, TrkB is the receptor for both BDNF and NT-4, and TrkC is the primary receptor 
for NT-3. NT-3 also activates TrkA and TrkB with less efficiency. The Trk receptor 
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family has a specific extracellular domain which is enriched in leucine and cysteine 
repeats, a consensus intracellular tyrosine kinase domain with a small interruption, and a 
short cytoplasm tail.  
The activation of Trk receptors and downstream signaling pathways appears to 
promote survival in most neuronal populations ([26], [27], [28]). In addition to their 
survival role, the activation of Trk receptors also appears to regulate multiple aspects of 
nervous system development, including neural differentiation, axon outgrowth and target 
innervation, and synapse formation etc.  
In addition to the full length Trk receptor, truncated isoforms of Trk receptors 
have been characterized. For example, the mammalian trkB locus undergoes alternative 
splicing to produce a full length TrkB receptor and a truncated receptor, which lacks the 
intracellular tyrosine kinase domain. This truncated TrkB receptor may function in a 
negative way by inhibiting neuronal survival by interaction with the full length TrkB 
receptor ([29]).  
Each of these neurotrophins also binds to the low-affinity neurotrophin receptor 
p75, a trans-membrane glycoprotein which belongs to the tumor necrosis factor receptor 
superfamily ([30], [31]). The p75 receptor contains four negatively charged cysteine-rich 
extracellular repeats, and a conserved cytoplasmic domain. The activation of p75 leads to 
multiple outcomes. Especially, depending on the existence of Trk receptors, p75 can 




1.3 Neurotrophins in taste development 
1.3.1 Introduction 
The function of the taste system depends on precise connections between taste 
neurons and peripheral targets. These connections are made during embryonic and 
postnatal development. Numerous molecular factors contribute to the development of the 
peripheral taste system. For the purpose of this introduction, I will focus primarily on 
those molecules (especially neurotrophins) involved in the development of the taste 
system including: the development of neurons in the geniculate ganglion, the outgrowth 
of taste nerves, nerve growth into peripheral targets, and the development of the taste 
papillae and taste buds.  
 
1.3.2 The development of geniculate ganglion 
The geniculate ganglion is derived from epibranchial placodes although some of 
the glia are derived from neural crest ([33], [34], [35]). Signals from the pharyngeal 
endoderm and a series of transcription factors are important for the formation of 
epibranchial placodes ([36], [37], [38], [39], [40]). For example, BMP-7, a member from 
the bone morphogenetic protein family, is vital for pharyngeal endoderm to induce 
placodal neurons ([37]). Neurogenin2, a basic-helix-loop-helix (bHLH) protein, is 
important for the neuroblasts within placodes that give rise to geniculate ganglion ([38]). 
In addition, the home domain transcription factors, Phox2a and Phox2b are also essential 
for the differentiation of the geniculate ganglion ([38], [39], [40]). 
7 
 
During geniculate ganglion genesis, the number of neurons within the geniculate 
ganglion is determined by the balance between the number of neural precursors born in 
the ganglion, the number that differentiate into neurons, and the number that undergoing 
apoptosis. Typically, it is believed that neurons are overproduced and then undergo a 
programmed cell death during development. In the geniculate ganglion, neuron 
production peaks around E12 in rats ([41]), which roughly equals E10 in mice (Table 2). 
The peak of neuronal cell death is around E14.5 in mice. It is the age that taste nerves 
first penetrate the fungiform papillae epithelium to form neural buds ([42],[43], [44]).  
This finding that the peak of geniculate neuron death is during target innervation is in line 
with the idea that factors derived from the fungiform papillae mediate neuron survival. 
BDNF and NT-4 are important regulators for geniculate neuron number. Bdnf-/- 
and Ntf4-/- mice lose about half of their geniculate neurons during development. Hybrid 
Bdnf-/-/Ntf4-/- mice lose around 90% of their geniculate neurons ([45], [46], [47], [48]).  In 
addition, in the mice that overexpress BDNF or NT-4, geniculate neuron numbers are 
increased ([49], [50]). These findings indicate that there are multiple subpopulations in 
the geniculate ganglion that differ in their neurotrophin dependence. There are at least 
two possibilities for these subpopulations. One possibility is that there are two 
subpopulations, one subpopulation depends on BDNF, and the other subpopulation 
depends on NT-4. This would account for the findings of the neuron number losses in 
those mutant mice. Another possibility is that there are also two subpopulations, but one 
subpopulation depends on both BDNF and NT-4, another subpopulation depends on 
either BDNF or NT-4. In this scenario, in Bdnf-/- and Ntf4-/- mice, the first subpopulation 
of neurons would be lost, but the second subpopulation remains due to the existence of 
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either NT-4 or BDNF. However, in the Bdnf-/-/Ntf4-/- mice, both the first and the second 
subpopulation would be lost.  These possibilities are not mutually exclusive.  If both 
possibilities are true this indicates that there may be four types of geniculate ganglion 
neurons regarding their neurotrophin dependence: BDNF-dependent, NT-4-dependent, 
BDNF- or NT-4-dependent, and BDNF- and NT-4-dependent. It is unclear how these 
different neurotrophin dependencies will be sorted out. In addition, these possibilities are 
controversial to the pro-survival role of NT-3. Ntf3-/- mice lose about 47% of their 
geniculate neurons ([47]), so it is certain that some overlap must exist in the geniculate 
neuron dependence.  
The timing of geniculate neuron loss in Bdnf-/- and Ntf4-/- mice is different. 
Geniculate neurons were lost earlier in development in Ntf4-/- mice (starts around E11.5), 
indicating an early role of NT-4 in geniculate ganglion development ([51]). Interestingly, 
a second set of neuron loss occurs in Ntf4-/- mice during E14.5 to E16.5, suggesting NT-4 
mediates geniculate neuron survival at two different time points; one before target 
innervation and one after target innervation. After E16.5, geniculate neuron number starts 
to increase in Ntf4-/- mice. In Bdnf-/- mice, geniculate neurons are lost starting from E13.5, 
which is just before or at the onset of target innervation, and the loss continues to E18.5, 
which is after target innervation ([52]). Neuronal loss in Bdnf-/- mice was prevented by 
removal of Bax, indicating BDNF mediates geniculate neuron number by preventing cell 
death rather than promoting cell proliferation ([52]). However, in Ntf4-/- mice, activated 
caspase-3, which is increased in BDNF mutants, was unaffected ([51]).  Together, these 
findings suggest that NT-4 regulates neuron survival at different stages than BDNF and 
BDNF mediates neuron survival for a longer embryonic period. These findings also 
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indicate that instead of a simple switch in neurotrophin dependence from NT-4 earlier 
and BDNF later, each neurotrophin has multiple roles and utilizes multiple mechanisms 
for mediating geniculate neuron development.  
 
1.3.3 Taste nerve outgrowth and guidance  
 During development, chorda tympani nerves follow a precise, spatially restricted 
pathway to the tongue surface ([53]), which must be controlled by a series of molecular 
cues from the adjacent environment.  In vitro studies have shown that geniculate axon 
growth requires the adding of BDNF and NT-4, but not NT-3 to the culture media ([54]). 
In addition, NT-4 is more capable of stimulating and attracting neurite extension than 
BDNF ([55]).  However, mutants of BDNF or NT-4 do not affect the ability of chorda 
tympani nerves to reach the tongue ([56]). These results indicate that although BDNF and 
NT-4 are important for taste nerve outgrowth, they seem to function redundantly in vivo 
to support the outgrowth of axons.  
A variety of attractive and repulsive guidance cues have been validated for axon 
outgrowth and guidance, including: semaphorins, ephrins, netrins and Slits ([57]). 
Ephrins, semaphorins and Slits act as repellents, but netrins can be either attractants or 
repellents ([58], [59], [60], [61]). However, in the taste system, although any of these 
guidance molecules may regulate axon guidance of geniculate neurons, most of them 
remain un-investigated except semaphorin 3A (Sema3A). Sema3A is expressed in the 
tongue and required for both trigeminal and geniculate axon guidance ([62], [54], [63]). 
Sema3A expression decreases from the medial to the lateral tongue surface. This specific 
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expression pattern prevents premature and aberrant growth of trigeminal and geniculate 
axons into the mid-region of the tongue. In addition, Sema3A functions as a repellent 
factor preventing premature penetration of the epithelium when geniculate axons reach 
the epithelium surface. Sema3F, another member of semaphorins, is also expressed by 
lingual epithelium and maybe also involved in controlling geniculate axon guidance 
([63]).   
In addition, neurotrophins have been shown to interact with Sema3A and Sema3F 
to mediate geniculate axons outgrowth and guidance ([63], [64]). For example, NT-4, but 
not BDNF, facilities the repellent effects of Sema3A and Sema3F ([63]). In Ntf4 
overexpressing mice, chorda tympani fibers remain underneath the epithelium, as if 
repelled by the lingual epithelium ([65]). On the other hand, NGF has been shown to 
reduce sensitivity of somatosensory neurons to Sema3A ([64], [66]). BDNF may have a 
similar role in reduce geniculate axon sensitivity to Sema3A in vivo, although it has not 
been shown in vivo ([63]). 
 
1.3.4 Taste papillae formation and innervation 
Fungiform papillae are present at the tongue as early as E14.5 ([42]). Signaling 
factors involved in epithelial patterning such as sonic hedgehog (Shh), the bone 
morphogenic proteins (Bmp), Noggin, fibroblast growth factor 8 (FGF 8) and Wnt 
ligands, have also been shown to orchestrate papillae formation ([67], [68], [69], [70]).  
The initial formation of fungiform papillae occurs without innervation; however, 
the maintenance of papillae requires innervation ([71]). Specifically, in vitro cultured E14 
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tongues which lack intact sensory innervation lose fungiform papillae after 6 days in 
culture. These results suggest that initial formation of fungiform papillae is nerve-
independent, while the maintenance of papillae is nerve-dependent.  
 
1.3.5 Targeting of taste nerves to fungiform papillae 
Fungiform papillae are arranged in a specialized pattern on the tongue surface 
([72]). The chorda tympani provide innervation to these fungiform papillae. At E14.5, 
chorda tympani nerves reach the tongue epithelium, penetrate the epithelium and form a 
distinctive nerve ending called neural bud ([42]).  BDNF regulates the targeting of chorda 
tympani nerves ([73], [74], [75], [54], [76], [50], [56]). Specifically, BDNF is expressed 
in fungiform papillae before they are innervated ([73], [74], [75], and has been shown to 
attract chorda tympani nerves outgrowth in vitro ([54]). In addition, BDNF 
overexpression (BDNF-OE) in mice disrupted the normal innervation pattern, and chorda 
tympani nerves failed to innervate most fungiform papillae ([50]). Instead, non-taste 
filiform papillae were innervated in BDNF-OE mice, indicating that BDNF expressed in 
non-taste papillae attracted the chorda tympani nerves and became innervated ([65]). 
Furthermore, in the Bdnf-/- mice, chorda tympani nerves failed to innervate fungiform 
papillae, instead, branching was increased and many non-taste papillae were innervated. 
Lastly, targeting was selectively disrupted when BDNF was conditionally removed from 
the epithelia ([56]). Taken together, these results indicate that BDNF is required for 




1.3.6 Taste bud induction: innervated or un-innervated ? 
Unlike the fungiform papilla, whether or not taste bud formation is nerve-
independent is controversial. The long-standing view is that neural innervation is required 
for the induction of taste buds ([77], [44], [78]). According to this model, the initial 
induction of fungiform taste buds occurs when the chorda tympani nerves invade the 
mesenchyme of the tongue and innervate the fungiform papillae. 
Alternatively, recent studies support the nerve-independent view ([79], [80], [81]). 
For example, taste buds can develop in a grafted pharyngeal region that was taken from a 
donor axolotl embryo, prior to its innervation by neural elements ([82]). It is clear that in 
axolotl taste buds do not require innervation to develop. However, taste buds 
development in the axolotl may be different from those in mammals ([81]).  
A study of TrkB-/- mice also implied that taste buds could be induced without 
innervation ([83]). In TrkB-/- mice, most of the geniculate neurons were lost, and so it was 
assumed that the taste nerves to the tongue were also lost. Surprisingly, a significant 
number of taste buds developed in TrkB-/- mice.  The authors concluded that this finding 
supported the work in axolotl and that taste buds do not require innervation for their 
development. However, this study lacked direct evidence examining the nerve fibers 
innervating the tongue and remaining taste buds. Also, the number and size of remaining 
taste buds was not specified. My experiments in Chapter 2 directly overcome the 




1.3.7 Taste bud differentiation, number and size 
Following initial induction, taste bud differentiation occurs. The source of factors 
controlling taste bud differentiation is under debate. Since epithelial signals contribute to 
taste bud induction, it is also possible that factors from the epithelium contribute to the 
taste bud differentiation. However, it is equally feasible that taste bud differentiation is 
under control of molecules derived from nerve fibers. In addition, these are not mutually 
exclusive ideas. Taste buds are complicated sensory organs with an ever increasing 
number of cell subtypes, which may require numerous factors from multiple sources for 
their differentiation. Additional experimental evidence is needed to determine which 
mechanisms regulate the differentiation of taste buds.  
In addition to not knowing the factors that regulate taste bud differentiation, the 
question of what factors control the final number and size of adult taste buds also remains 
unclear. Taste bud size and number could be regulated by various cellular and molecular 
factors in the lingual and extra-lingual taste bud populations ([84]). Among those factors, 
neurotrophins have been shown regulate taste bud number during development. 
Fungiform papillae and taste buds were lost in both Bdnf-/- and Ntf4-/- mice ([85], [86], 
[87], [88]). Compared to wild type mice, Bdnf-/- mice showed a loss of 59% in the total 
number of developing taste buds from the tongue, however, Ntf4-/- mice only showed 18% 
reduction in the total number taste buds. Tongues from hybrid of Bdnf-/- and Ntf4-/- mice 
only had a few taste buds remaining. In addition, taste bud size is impacted in 
neurotrophin knockout mice. There was a 59% decrease in the volume of taste buds in the 
tongues of Bdnf-/- mice, and an 80% decrease in the volume of taste buds in the tongues 





the tongues of Ntf4-/- mice ([89]).  In addition, more taste papillae and taste buds were 
lost postnatally in Ntf4-/- mice compared to wild type mice ([85]), and taste buds in Ntf4-/- 
mice do not contain taste pores,  indicating a role of NT-4 in the maintenance of 
fungiform papillae and taste buds. Furthermore, a recent study in transgenic mice in 
which BDNF overexpression was driven by an α-gustducin promoter (Gust-BDNF), taste 
buds are significantly larger and have more taste cells, taste innervation is also markedly 
increased, which could be due to direct influence of BDNF on taste cell number of in 
adult mice ([90]).  These evidences together indicate BDNF has a different role than NT-
4 in regulating taste bud development. 
Taken together, BDNF and NT-4 have been shown expressed differently and 
function differentially to regulate geniculate neuron survival, axon growth and targeting, 
and taste bud development. Interestingly, BDNF and NT-4 mediate these different 
aspects of taste development by binding the same receptors, the tyrosine kinase receptor, 
TrkB, and the pan-neurotrophic receptor, p75. How BDNF and NT-4 function uniquely 
through the same receptors to regulate taste development is unclear. The first step in 
addressing this goal is to determine the role of each of these receptors in taste system 
development.  I addressed this issue by performing the following studies to determine if 
and when TrkB and/or p75 signaling is required for taste neuron survival, taste axon 




GENICULATE GANGLION NEURONS REMAINING IN THE TRKB-/- MICE 
INNERVATE AND SUPPORT THE DEVELOPMENT OF TASTE BUDS 
2.1 Introduction 
During development, taste neurons, whose cell bodies are located in the 
geniculate ganglia, innervate specific regions of gustatory epithelium with a precise 
number of neurons. The development of geniculate ganglia and the formation of 
peripheral connections of taste neurons are highly regulated by two neurotrophins brain-
derived neurotrophic factor (BDNF) and Neurotrophin-4 (NT-4). Specifically, Bdnf-/- 
mice and Ntf4-/- mice each lose about 50% of geniculate neurons by birth ([45], [46]). 
NT-4 regulates the survival of geniculate neurons earlier than BDNF via a different 
mechanism ([51]). In addition to regulating geniculate neuron number, BDNF in the 
tongue epithelium is also important for gustatory neuron targeting ([56], [91]). As a result 
of the targeting deficit, Bdnf-/- mice have a more serve loss of innervation to taste buds 
than Ntf4-/- mice ([87], [92], [86], [89]) 
BDNF and NT-4 function via the same receptors, TrkB and p75 ([93], [27]). Mice 
lacking TrkB lose more nodose-petrosal ganglion neurons than BDNF or NT-4 mutants 
16 
 
alone ([45]), indicating that both of these neurotrophins may function via TrkB to 
influence neuron number during development. Similarly, both hybrid Bdnf-/-/Ntf4-/- mice 
and TrkB-/- mice have been shown to lose a significant number of geniculate neurons 
([46], [83]). Taste buds and fungiform papillae have been shown to require innervation 
for their maintenance by birth, and lack of innervation has resulted in taste bud loss in 
both Bdnf-/- and Ntf4-/- mice by birth ([87], [50]). Surprisingly, TrkB-/-  mice do develop 
fungiform papillae and taste buds ([83]) while a substantial loss of fungiform papillae has 
been observed by birth in hybrid Bdnf-/-/Ntf4-/- mice ([94]). It is unclear why the effects in 
hybrid Bdnf-/-/Ntf4-/- mice and TrkB-/- mice should be so different in the developing taste 
system. One explanation is that these two studies did not use similar quantification 
methods; therefore, the results are difficult to compare. Therefore, it still remains unclear 
how much BDNF and NT-4 function occurs through TrkB to regulate geniculate neuron 
survival and taste bud innervation during development. It is also unclear why taste buds 
develop in TrkB-/- mice in spite of loss of most of taste neurons. 
To address these questions, we directly compared the development of the 
gustatory system in Bdnf-/-/Ntf4-/- and TrkB-/- mice. These data provided direct evidence 
that BDNF and NT-4 primarily function through TrkB to regulate taste neuronal survival 
in vivo. However, a small subpopulation of these geniculate neurons does not require or 
express TrkB, and these neurons can innervate and support the development of a 
surprisingly large number of taste buds.  
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2.2 Materials and methods 
2.2.1 Animals 
Heterozygous TrkB+/- (stock no. 002544), Bdnf+/- (stock no. 002266), Ntf4+/- (stock 
no. 002497) mice were acquired from Jackson Laboratories (Bar Harbor, Maine, USA,). 
TrkBtauEGFP mice were a generous gift from Dr. Ginty’s lab ([95]). TrkB-/- embryos were 
obtained by breeding heterozygous mice with a target mutation of the TrkB gene. 
TrkBtauEGFP/- embryos were obtained by breeding TrkBtauEGFP mice with TrkB+/- mice. 
Bdnf-/-/Ntf4-/- mice were obtained by breeding Bdnf+/-/Ntf4-/- mice. Animals were 
genotyped using polymerase chain reaction. Embryonic mice were obtained from time 
breeding of females that were examined for plugs the following morning. The day a plug 
was positively identified was designated embryonic day 0.5 (E0.5). Animals were cared 
for and used in accordance with the guidelines of the U.S. Public Health Service Policy 
on Humane Care and Use of Laboratory Animals and the NIH Guide for the Care and 
Use of Laboratory Animals. 
 
2.2.2 Quantification of geniculate ganglion neuron number 
Embryos aged E11.5 (TrkB-/- n=3, Bdnf-/-/Ntf4-/- n=3, and wild-type n=3), E12.5 
(TrkB-/- n=3, Bdnf-/-/Ntf4-/- n=3, and wild-type n=3) and E13.5 (TrkB-/- n=3, Bdnf-/-/Ntf4-/- 
n=3, and wild-type n=3) were transcardially perfused with ice cold 4% phosphate-
buffered paraformaldehyde (PFA). Following perfusion, embryos were post-fixed 
overnight in 4% PFA. Following fixation, embryo heads were dissected and moved to 70% 
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ethanol and processed for paraffin embedding. Geniculate ganglion neurons were 
visualized by class III β-tubulin (TUJ-1) antibody as previously described ([52]). Briefly, 
serial sections (5um) of paraffin embedded embryos were collected on SuperFrost Plus 
slides (Fisher Scientific). Paraffin was removed by immersion in Citrisolv overnight. 
Following rehydration and endogenous peroxidase blocking, slides were treated for 
antigen retrieval in citrate buffer (0.1 M citric acid, 0.1 M sodium citrate, dH2O; pH 6). 
Sections were washed in PBS and blocked for 1 hr in blocking solution (PBS, 5% goat 
serum, 0.25% Triton X-100), and were incubated overnight in  mouse anti-β-III tubulin 
antibody (1:500, Covance, Princeton, NJ, USA; catalog #MMS-435P) in blocking 
solution. On the following day, sections were washed and incubated for 1.5 h in 
biotinylated anti-mouse secondary antibody (1:250, Vector Laboratories, Burlingame, 
CA, USA; #BA-2000) in blocking solution, and visualized with an ABC 
diaminobenzidine reaction kit (Vector Laboratories, Burlingame, CA, USA; #PK-6200).  
For geniculate ganglion volume measurement, the size of geniculate ganglion in 
each section was measured and multiplied by the section thickness (5um) to derive the 
volume of the single section; these volumes were added to derive the total volume for the 
entire ganglion. For the measurement of geniculate neuron number, the TUJ-1 antibody 
was used to identify and count neuronal profiles in sections where the nucleus was visible.  
Neuronal profiles were counted in six representative sections per ganglion. The volumes 
of geniculate ganglion in these six sections were also measured. The total number of 
neuronal profiles of the entire ganglion was estimated as the product of the number of 
profiles per volume of the counted section × the total volume of the entire ganglion. The 
total number of neurons per ganglion was estimated by multiplying the number of total 
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neuron profiles by a correction factor to compensate for the presence of a nucleus in 
multiple sections (Abercrombie, 1946). The correction factor was calculated according to 
the formula: N = n × [T/(T × D)], where N is the estimated total number of neurons, n is 
the number of nuclear profiles, T is the measured section thickness, and D is the average 
diameter of the nuclei ([52]).  
 
2.2.3 Quantification of fungiform papilla number using scanning electron microscope 
(SEM) 
Mice at day of birth (TrkB-/- n=3, Bdnf-/-/Ntf4-/- n=3, and wild-type n=5) were 
anesthetized and transcardially perfused with ice cold 4% PFA. Tongues were dissected 
and post-fixed in 1% aqueous OsO4 for 2.0 –2.5 h, washed in buffer, and successively 
dehydrated in a graded series of ethanol and then hexamethyldisilazane (HMDS). The 
HMDS was allowed to evaporate from the tongues in a desiccator overnight. Tongues 
were mounted onto stubs, sputter-coated with gold and examined by SEM (Phillips 505). 
Digital SEM images were captured at 130x magnification to distinguish fungiform from 
filiform papillae. Individual fungiform papillae were imaged at 1770x magnification. 
 
2.2.4 Quantification of taste bud number 
Mice at day of birth (TrkB-/- n=5, Bdnf-/-/Ntf4-/- n=5, and wild-type n=4) were 
anesthetized and transcardially perfused with ice cold 4% PFA. The front of the tongue 
containing the fungiform field was separated and post-fixed in 4% PFA for two hours. 
Tongues were then placed in 30% sucrose overnight as cryoprotectant. The following day, 
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tongues were embedded in OCT (Sakura Finetek USA, Inc., #4583). Serial sagittal 
sections of the tongue (25um) were collected onto SuperFrost Plus slides (Fisher). For 
antigen retrieval, sections were heat dried overnight, rehydrated, placed into citrate buffer 
(pH 6.0), heated for 15 min in a boiling water bath, and incubated for 10 min at RT.  The 
slides were washed in PBS and incubated overnight in 1:50 rat anti-TROMA1 antibodies 
(Developmental Studies Hybridoma Bank) in PBS. The next day, the slides were rinsed 
in PBS (3×5 min), and incubated in anti-rat Alexa 555 secondary antibodies (1:500, 
Molecular Probes) for two hours. After washing in PBS (3×5 min), the slides were 
dehydrated, cleared in Citrisolv and cover-slipped using DPX mounting medium (Fluka). 
The sections were examined in order, and the taste buds were followed across sections so 
that each taste bud was only counted once. 
 
2.2.5 Quantification of the amount of innervation within a taste bud 
Mice from day of birth (TrkB-/- n=4, Bdnf-/-/Ntf4-/- n=4, and wild-type n=4) were 
anesthetized and transcardially perfused with ice cold 4% PFA. The front of the tongue 
containing the fungiform field was separated and post-fixed in 4% PFA for two hours. 
Tongues were then placed in 30% sucrose overnight as cryoprotectant. The following day, 
tongues were embedded in OCT (Sakura Finetek USA, Inc., #4583). Serial sagittal 
sections of the tongue (25um) were collected onto SuperFrost Plus slides (Fisher). For 
antigen retrieval, sections were heat dried overnight, rehydrated, placed into citrate buffer 
(pH 6.0), heated for 15 min in a boiling water bath, and incubated for 10 min at RT. For 
primary antibodies, in addition to rat anti-Troma1 antibody, rabbit anti-P2X3 antibody 
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(1:500, Millipore, #AB5895) was used to label taste fibers. Secondary anti-rat Alexa 488 
(green) and anti-rabbit Alexa 555 (red) antibodies (1:500, Molecular Probes) were used 
to visualize taste buds and taste fiber respectively.   
Confocal stacks of optical sections with a Z step of 0.5 were imaged of 3-5 taste 
buds from every mouse of each genotype (TrkB-/- n=4, Bdnf-/-/Ntf4-/- n=4, and wild-type 
n=4) and then analyzed by ImageJ (http://rsbweb.nih.gov/ij/). The area occupied by the 
taste bud in each image section was measured; areas were summed and multiplied by 
section thickness (0.5um) to calculate taste bud volume. The area occupied by P2X3 
positive staining within the outlined taste bud was also measured in each optical section; 
these areas were summed and multiplied by section thickness (0.5µm) to measure volume 
of innervation within the taste bud. The percentage of the taste bud that was occupied by 
innervation was determined by dividing the volume of P2X3 label by the volume of the 
Troma1 label. 
 
2.2.6 Geniculate ganglia labeling using DiI  
Embryos at ages E14.5, E15.5, E16.5 and E18.5 were anesthetized and 
transcardially perfused in ice cold 4% (PFA). Tongues were post fixed in 4% PFA 
overnight. DiI labeling was performed as described previously ([50]). Embryos were 
incubated at 37°C for 2–8 weeks depending on the age of the embryo. The tongue was 
then dissected, examined, and photographed using a fluorescent dissecting microscope 
(Leica MZFL) equipped with a camera (QImaging CE). Images were collected from 
tongues of TrkB-/-, Bdnf-/-/Ntf4-/-, and wild-type mice at the following ages: E14.5 (TrkB-/- 
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n=4, Bdnf-/-/Ntf4-/- n=3, and wild-type n=3) , E15.5 (TrkB-/- n=4, Bdnf-/-/Ntf4-/- n=3, and 
wild-type n=5) E16.5 (TrkB-/- n=6, Bdnf-/-/Ntf4-/- n=4, and wild-type n=3) E18.5 (TrkB-/- 
n=4, Bdnf-/-/Ntf4-/- n=3, and wild-type n=5).  
 
2.2.7 Quantification of innervation to the lingual epithelium 
Embryos at E16.5 (TrkB-/- n=3, Bdnf-/-/Ntf4-/- n=3, and wild-type n=3) were 
anesthetized and transcardially perfused with ice cold 4% PFA. The front area of the 
tongue containing the fungiform field was separated and post-fixed for another two hours. 
Tongues were then placed in 30% sucrose overnight, and embedded in OCT (Sakura 
Finetek USA, Inc., #4583) the following day. Serial sagittal sections of the tongue (25um) 
were collected onto SuperFrost Plus slides (Fisher). For antigen retrieval, sections were 
heat dried overnight, rehydrated, placed into citrate buffer (pH 6.0), heated for 15 min in 
a boiling water bath, and incubated for 10 min at RT. The slides were washed in PBS and 
incubated overnight in mouse anti-2H3 antibody (1:100, Developmental Studies 
Hybridoma Bank) and rabbit anti-P2X3 antibody (1:500, Millipore, #AB5895) in PBS. 
The next day, the slides were rinsed in PBS (3×5 min), and were incubated in anti-rabbit 
Alexa 488, anti-mice Alexa 555 secondary antibodies (1:500, Molecular Probes) for two 
hours. After washing in PBS (3×5 min), the slides were dehydrated, cleared in Citrisolv, 
and cover-slipped using DPX mounting medium (Fluka). The sections were examined in 
order, and each instance where the nerve fibers invaded the epithelium was quantified. 
Each of these locations was examined in serial sections so that each fiber bundle that 
invaded the epithelium was only counted once. 
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2.2.8 Quantification of TrkB-GFP expression in the geniculate ganglion 
Embryos at E13.5 (TrkB tauEGFP/- n=3, and wild-type n=3) were anesthetized and 
transcardially perfused in ice cold 4% PFA. The head was dissected and post-fixed 
overnight in 4% PFA. The following day, the head was cryoprotected in 30% sucrose 
overnight. The next day, the tissue was embedded in OCT (Sakura Finetek USA, Inc., 
#4583). The embryo heads were sectioned at 25um and collected onto SuperFrost Plus 
slides (Fisher). The slides allowed drying at 40 ˚C for 1 hr. The slides were rinsed 3x5 
min in PBST (PBS with 2.5% triton), blocked in 5% normal serum in PBST for 1hr, and 
then incubated overnight at RT in chicken anti-GFP antibodies (1:1000, Invitrogen, 
#A11122) and rabbit anti-P2X3 antibodies (1:500, Millipore, #AB5895) in blocking 
solution. The next day, the slides were rinsed in PBST (3×5 min), and then incubated in 
anti-chicken Alexa 488, anti-rabbit Alexa 555 secondary antibodies (1:500, Molecular 
Probes) for 1 hour. After they were washed in PBST (4×5 min), the slides were mounted 
with fluoromount-G (SouthernBiotech, #0100-01). The number of GFP positive and/or 
P2X3 positive neurons were counted. The ratio of neurons expressing both TrkB and 
P2X3 versus the neurons expressing P2X3 was calculated.  
 
2.2.9 Data analysis 
 The total neuron number and total volumes were compared between genotypes on 
embryonic days E11.5, E12.5 and E13.5 using a two-way analysis of variance (ANOVA). 
The fungiform papillae number and area, the taste bud number and volume, taste bud 
innervation data were compared using one-way analysis of variance (ANOVA). The 
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alpha levels were set at p<0.05 for all statistical comparisons. The data were described as 
mean ± S.E.M. in the test and figures. 
 
2.3 Results 
2.3.1 BDNF and NT-4 both function primarily through TrkB to support geniculate 
ganglion neuron survival during embryonic development 
BDNF and NT-4 have been shown to regulate gustatory neuron development at 
different ages. Ntf4-/- mice start to lose geniculate neurons at E11.5, while Bdnf-/- mice do 
not lose geniculate neurons until E13.5 ([52], [51]), both Bdnf-/- mice and Ntf4-/- mice lose 
approximately half of their geniculate neurons by birth. To understand if these two 
neurotrophins regulate geniculate neuron loss via the same receptor TrkB, we quantified 
the geniculate neuron number in wild-type, Bdnf-/-/Ntf4-/-, and TrkB-/- mice from E11.5 to 
E13.5. We reasoned that if geniculate neurons were lost with a similar degree and timing 
in Bdnf-/-/Ntf4-/- hybrid and TrkB-/- mice, then TrkB likely mediates the full effects of these 
two ligands.  
First we compared the volume of geniculate ganglion in wild-type, Bdnf-/-/Ntf4-/- 
and TrkB-/- mice. At E11.5, there were no differences in geniculate ganglion volume in 
wild-type (8.4±0.88 x105 um3), Bdnf-/-/Ntf4-/- (6.7 ± 0.35 x105 um3) and TrkB-/- mice (7.6 ± 
0.85 x105 um3) (Figure 5 A,B,C; Figure 6A). At E12.5, the volume of geniculate ganglion 
was reduced by 36% (p<0.01) in Bdnf-/-/Ntf4-/- (5.8 ± 1.01 x105 um3) and by 76% 
(p<0.001) in TrkB-/- mice (2.2 ± 0.08 x105 um3) compared to wild-type mice (9.0 ± 1.54 
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x105 um3); also the volume of geniculate ganglion was significantly smaller in TrkB-/- 
mice compared to Bdnf-/-/Ntf4-/- (p<0.01) (Figure 5D,E,F 6A). At E13.5, the volume of 
geniculate ganglion in wild-type mice increased (p<0.05), while the volume of geniculate 
ganglion in Bdnf-/-/Ntf4-/- and TrkB-/- mice continued to decrease (p<0.01). There was no 
significant difference between the volumes of the geniculate ganglion in Bdnf-/-/Ntf4-/- and 
TrkB-/- mice at this age. These results show that during the early developmental ages, 
while geniculate ganglion volume in the wild type mice is increasing, there is a 
significant reduction in the volume of geniculate ganglion in Bdnf-/-/Ntf4-/- and TrkB-/- 
mice, however, the reduction is slightly delayed in Bdnf-/-/Ntf4-/- mice compared to TrkB-/- 
mice. 
Next we quantified the number of neurons present in the geniculate ganglion.  
Geniculate neurons were easily identified because of their clear nucleus and dark 
cytoplasm when stained with a neuron-specific marker anti-β-III tubulin antibody (TUJ-1) 
(Figure 5G). Overall, there was a slight increase (17%; p<0.01) in geniculate neuron 
number in wild-type mice from E11.5 to E13.5, while there was a continuous neuron loss 
in Bdnf-/-/Ntf4-/-, and TrkB-/- littermates during the same embryonic period (p<0.01; Figure 
2B). Specifically, at E11.5, compared to wild-type mice (650±23), geniculate neuron 
number in Bdnf-/-/Ntf4-/- mice (451±16) was reduced by 31% (p<0.01) while the neuron 
number in TrkB-/- mice (355±58) decreased 45% (p<0.01, Figure 6B). There was 21% 
fewer neurons in TrkB-/- mice than Bdnf-/-/Ntf4-/- mice (p<0.01) at this age. This finding is 
consistent with earlier studies indicating that neuron number is a more sensitive measure 
of cell loss than geniculate volume at these early ages when neurons are small ([52]). By 
E12.5, there was 16% increase of geniculate neuron number in the wild-type mice 
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(756±68) compared to the E11.5 littermates (p<0.01, Figure 6B). There was no 
significant change in neuron number in the Bdnf-/-/Ntf4-/- mice at E12.5 compared to 
E11.5. However, neuron number in TrkB-/- mice (144±16) decreased 59% between ages 
E11.5 and E12.5 (p<0.01). Bdnf-/-/Ntf4-/- mice have lost 48% of geniculate neurons 
compared to the wild-type mice (p<0.01), which is similar to the neuron loss in Ntf4-/- 
mice ([51]). Neuron number in the TrkB-/- mice was reduced by 81% compared to the 
wild-type littermates (p<0.01). There were 64% fewer neurons in TrkB-/- mice than in 
Bdnf-/-/Ntf4-/- mice on E12.5 (p<0.01). One explanation for this surprising finding is that 
other neurotrophin members, such as NT-3, might also function through TrkB to regulate 
neuronal survival during these early ages. At E13.5, the neuron number was reduced by 
80% in Bdnf-/-/Ntf4-/- mice (149±24; p<0.01) and 87% in TrkB-/- mice (97±18; p<0.01) 
compared to the wild-type mice (763±41, Figure 6B). Thus, by E13.5, the bulk of the 
ganglion is gone in both genotypes. Furthermore, the possible function of NT-3 is short-
lived, because by E13.5 there was no difference in geniculate neuron number between 
Bdnf-/-/Ntf4-/-, and TrkB-/- mice. These data together suggested that there was a continuous 
neuron loss in both BDNF/NT-4 and TrkB mutants between E11.5 and E13.5. This loss 
was equivalent by E13.5, indicating BDNF and NT-4 primarily function through TrkB to 
regulate neuron survival during the early developmental ages.  
 
2.3.2 TrkB-/- mice lose the same number of fungiform papillae but have more taste buds 
than Bdnf-/- /Ntf4-/- mice by birth 
Minimal taste bud loss has been reported in TrkB-/- mice in spite of the 
tremendous amount of geniculate neuron loss we observed ([83]). However, taste buds 
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were not quantified in this study. Therefore, we sought to re-examine this issue by 
quantifying both fungiform papilla and taste bud number in Bdnf-/-/Ntf4-/- and TrkB-/- mice 
at day of birth.  To determine if fungiform papillae were lost in mice lacking both BDNF 
and NT-4 or TrkB, tongues from Bdnf-/-/Ntf4-/- and TrkB-/- mice were processed for 
scanning electron microscopy (SEM) and the number and size of fungiform papillae were 
quantified (Figure 7). There were significant reduction in fungiform papillae number at 
P0 in Bdnf-/-/Ntf4-/- mice (61±5) and TrkB-/- mice (53±2) compared to wild-type mice 
(84±2, p<0.01), but there was no significant difference in the loss between these two 
mutants. We also found that there was a reduction of 32% and 35% in the size of 
fungiform papillae in Bdnf-/-/Ntf4-/- mice (132±6 um2) and TrkB-/- mice (126±8 um2) 
compared to wild type (195±12 um2), respectively (Figure 3). Like the number of 
fungiform papillae, there was no difference between the sizes of fungiform papillae in 
Bdnf-/-/Ntf4-/- mice and TrkB-/- mice.  
Although fungiform papillae were lost in Bdnf-/-/Ntf4-/- mice and TrkB-/- mice 
compared to wild type mice, we were surprised by how many fungiform papillae 
remained considering the severe neuron loss in these genotypes. However, many of the 
fungiform papillae that we examined could lack taste buds. To test this possibility, 
fungiform taste buds were examined from Bdnf-/-/Ntf4-/- mice, TrkB-/- mice and wild type 
mice at P0. Taste buds were visualized by using anti-Troma1 (Figure.8 A,B,C). As 
hypothesized fewer taste buds than fungiform papillae remained for both Bdnf-/-/Ntf4-/- 
mice and TrkB-/- mice (Figure 8 D). There was a substantial taste bud loss for both Bdnf-/-
/Ntf4-/- mice (8±1) and TrkB-/- mice (31±3) compared to wild type mice (93±3, p<0.001). 
More interestingly, there were more taste buds remaining in TrkB-/- mice than Bdnf-/-/Ntf4-
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/- mice (p<0.001). To determine if remaining tastes were the same size in all genotypes 
we measured taste bud volume. We found that taste buds in both mutant mice were 
smaller than the wild-type mice (p<0.001), however, there was no difference between the 
mutant genotypes (Figure. 8 E). 
 
2.3.3 Fungiform taste buds were better innervated in TrkB-/- mice than Bdnf-/- /Ntf4-/- mice 
at P0 
Taste buds are thought to be supported by innervation ([77], [96], [97], [98]). 
Since more taste buds remained in the TrkB-/- mice than Bdnf-/-/Ntf4-/- mice at P0, it is 
possible that these taste buds are better innervated. To test this possibility, taste buds and 
taste nerves were visualized with anti-Troma1 and anti-P2X3, respectively. P2X3 has 
been shown to be a good marker of gustatory innervation ([99]). Taste buds that were 
innervated by P2X3 positive fibers (Figure 9 A,B,C) and those that were not innervated 
(Figure 9 E,F) were counted in Bdnf-/-/Ntf4-/- and TrkB-/- mice (Figure 9 G). There were 
significantly more innervated taste buds in TrkB-/- mice (p<0.05) than Bdnf-/-/Ntf4-/- mice. 
There were no differences in the number of un-innervated taste buds in TrkB-/- mice 
compared to Bdnf-/-/Ntf4-/- mice. These results suggest that the extra taste buds in TrkB-/- 
mice compared to Bdnf-/-/Ntf4-/- mice are innervated, which indicates that there might be 
more taste innervation to the tongue surface in TrkB-/- mice than Bdnf-/-/Ntf4-/- mice. 
We also noticed that innervated taste buds appeared to have more taste 
innervation in TrkB-/- than in Bdnf-/-/Ntf4-/- mice. To measure the innervation, the volumes 
occupied by the taste bud (Troma1) and the taste nerve (P2X3) within the taste bud for 
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each optical image were taken in individual taste buds (Figure.9 D). In wild type mice, 
the taste bud volume was 1441± 227.3 um3, while the volume of P2X3 positive nerves 
were 678± 146.7 um3 indicating that roughly half the taste bud is occupied by innervation 
in wild type mice at birth (Figure 9 H). The proportion of the taste bud occupied by 
innervation was substantially reduced in Bdnf-/-/Ntf4-/- mice (p<0.001, Figure 9 H), where 
the taste bud volume was 313±37.7 um3 while the volume of P2X3 positive nerves were 
46±5.2 um3. In TrkB-/- mice, the taste bud volume was 321±35 um3, the volume of P2X3 
positive nerves were 129±9.2 um3, so roughly 40 percent of the taste bud was occupied 
by innervation. This was not significantly different from the wild type mice but higher 
than the proportion of the taste bud that was innervated in Bdnf-/-/Ntf4-/- mice (p<0.01) 
(Figure. 9 H). Together these data suggest that the remaining taste buds in TrkB-/- mice 
are better innervated than those in Bdnf-/-/Ntf4-/- mice at birth. 
 
2.3.4 More taste fibers reach their targets in TrkB-/- mice than Bdnf-/- /Ntf4-/- mice during 
development 
To determine if TrkB-/- mice have more taste innervation to the tongue than the 
Bdnf-/-/Ntf4-/- mice, we labeled chorda tympani axons with the lipophilic tracer, DiI, to 
examine the innervation pattern in the tongue. At E14.5, in wild type mice, chorda 
tympani fibers branch from the base of the tongue toward the surface.  Previously we 
have shown that chorda tympani fibers defasciculate and form a structure called a “neural 
bud” as they invade the epithelium (Figure 10 A [42], [56]). At E14.5, in Bdnf-/-/Ntf4-/- 
and TrkB-/- mice (Figure 10 B,C), there were no visible fibers on the dorsal surface of the 
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tongue, which suggests that either there are too few chorda tympani axons remaining to 
innervate the tongue or the growth of the axons is delayed in the mutants. 
To determine if the chorda tympani fibers in the Bdnf-/-/Ntf4-/- mice and TrkB-/- 
mice were delayed in reaching the tongue and if there were more fibers reaching the 
target in TrkB-/- mice than Bdnf-/-/Ntf4-/- mice, we examined the innervation patterns in the 
later ages E15.5, and E18.5. At the later ages, wild type mice and Bdnf-/-/Ntf4-/- mice had 
very similar innervation patterns as on E14.5 (Figure 10 A, D, F). At E15.5 wild type 
fiber bundles branched from the base of the tongue toward the lingual surface and form a 
neural bud (Figure 10 H). In the Bdnf-/-/Ntf4-/- mice, at E15.5 fibers did not branch to the 
surface of the tongue, and in rare cases where innervation was observed at the epithelial 
surface, thin wispy branches, lacking neural buds were observed. These finding are 
similar to that which was observed previously for Bdnf-/-/Ntf4-/- mice ([56]).  By the age 
of E18.5, there was virtually no innervation to the tongue of Bdnf-/-/Ntf4-/- mice. Images 
are not shown because there was little to photograph. However, in the TrkB-/- mice, 
starting at E15.5, there was clear innervation into the tongue (Figure 10 E,G). The 
number of these branches is noticeably fewer than the wild type littermates, due to the 
dramatic loss of geniculate neurons. In most tongues at all ages from E15.5 to E18.5 a 
few chorda tympani fibers appeared to reach the tongue surface (Figure 10 I, J, K arrows). 
However, the fiber bundles were so thin in TrkB-/- mice it was difficult to be certain if 
they invaded the epithelial surface.  
To determine whether the additional innervation seen in the tongues of TrkB-/- 
mice compared to Bdnf-/-/Ntf4-/- invaded the tongue epithelium, we double-labeled   
tongues at E16.5 with anti-P2X3 (Green) and anti-Neurofilament (Red) at E16.5 (Figure 
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11). While fiber bundles invading the epithelium were substantially smaller in both Bdnf-
/-/Ntf4-/- mice and TrkB-/- mice compared with wild type mice (Figure 11 B, C, compared 
to A), all three genotypes had some P2X3 positive nerve fibers that invaded the 
epithelium. The number of locations where fibers penetrated the epithelium was 
quantified in serial sections. Compared to the wild type mice (107±6), there were fewer 
locations of innervation within the tongues of the TrkB-/- mice (21±3) and Bdnf-/-/Ntf4-/- 
mice (8±2).  In spite of the obvious loss of innervation in both mutant genotypes, there 
were significantly more locations of innervation in TrkB-/- mice than the Bdnf-/-/Ntf4-/- 
mice, demonstrating more gustatory innervation in the TrkB-/- mice and this greater 
amount of taste innervation in TrkB-/- mice than in Bdnf-/-/Ntf4-/- mice accounts for the 
larger number of taste buds in these mice. 
2.3.5 The remaining geniculate neurons do not express TrkB 
It is unclear why gustatory neurons remain to provide greater innervation to the 
tongue in TrkB-/- mice than the Bdnf-/-/Ntf4-/- mice. Because these remaining neurons are 
better at innervating the tongue in TrkB-/- mice than in Bdnf-/-/Ntf4-/- mice, the implication 
is that they can respond to either BDNF or NT-4. One possibility is that this innervation 
is being maintained by a truncated form of the TrkB receptor that is not deleted in the 
TrkB-/- mice ([100]), but binds BDNF and/or NT-4. The TrkB receptor has a full-length 
signaling form, but also truncated forms that may or may not signal ([101], [29]). The 
TrkB mutant mice used in this study still express truncated forms of TrkB ([29]; [102]). It 
is possible that these remaining neurons express truncated TrkB, and in the absence of the 
full length TrkB receptor they are supported by the truncated form of this receptor. 
Alternatively, this subpopulation which remains in absence of the full length TrkB 
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receptor may lack all forms of TrkB and could be maintained by an alternate mechanism.  
To determine if the remaining neurons in TrkB-/- mice express TrkB, TrkBtauEGFP/+ mice 
were bred with TrkB+/- mice to get TrkBtauEGFP/- littermates. In TrkBtauEGFP/+ mice, GFP is 
expressed in all cells that have either truncated or full length forms of the TrkB receptor 
([95]). Since by the age of E13.5, TrkB-/- mice have already lost most geniculate neurons, 
we chose this age to examine whether the remaining neurons in TrkB-/- mice express TrkB. 
Geniculate neurons were double stained with anti-P2X3 (red) and anti-GFP (Green) 
(Figure 12). In the wild type mice, 94±1% of the P2X3 expressing geniculate neurons 
also expressed TrkB.  In contrast, in the TrkBtauEGFP/- mice, only 11±2% of the geniculate 
neurons expressed TrkB. This indicates most of the neurons that are retained in TrkB 
mutants are part of the 6% population that is normally negative for all forms of the TrkB 
receptor. Combined with previous results, this suggests there is a small population of 
TrkB-independent neurons in the geniculate ganglion that do not express TrkB, but still 




In this study, we compared taste neuron survival, taste bud development and 
target innervation in Bdnf-/-/Ntf4-/- and TrkB-/- mice to determine the extent to which 
BDNF and NT-4 function through TrkB in regulating taste development. Our data show 
that by age E13.5, Bdnf-/-/Ntf4-/- mice and TrkB-/- mice lose most geniculate ganglion 
neurons.  This neuron loss is similar in degree between these two mutants.  In addition, 
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most taste innervation to the tongue was lost in hybrid Bdnf-/-/Ntf4-/- mice and TrkB-/- 
mice.  In addition, both mutant genotypes lose most of their taste buds.  Taken together 
these findings indicate that BDNF and NT-4 function primarily through TrkB to regulate 
taste neuron survival. 
Although much of the role of BDNF and NT-4 occurs through TrkB during 
development, subtle differences between the Bdnf-/-/Ntf4-/- mice and the TrkB-/- mice 
provide surprising insight into the possible role of other neurotrophins may regulate the 
development of the taste system.  One such finding was that the loss of neurons in the 
Bdnf-/-/Ntf4-/- mice was slightly delayed compared to the neuron loss in TrkB-/- mice at 
E12.5, suggesting that other neurotrophins may function as survival factors temporally at 
this age. One possibility is neurotrophin-3 (NT-3), which has also been shown to function 
via TrkB to support sensory neuron survival [25]. It is reported that Ntf3-/- mice lose 
between 25% and 47% of the geniculate ganglion neurons [103], [47], which strongly 
indicates that NT-3 is required for the geniculate ganglion neuron survival. It is well 
known that many neurons require more than one neurotrophin to survive. In particular, 
during early development neurons sometimes depend on multiple neurotrophins at 
various stages of development [104]. For example, many sensory neurons of the 
trigeminal ganglion require both BDNF and NT-3 early in development but then later 
become NGF dependent [105]. In fact another ganglion complex, the nodose/petrosal, 
which also contains taste neurons, is dependent on NT-3 before any other neurotrophins 
and this dependence also begins on day E12.5 [106]. Likewise, geniculate neurons may 
be influenced by multiple factors early in development such that NT-3 could function as a 
temporary survival factor when BDNF is absent. Consistent with this assertion is the 
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finding that although Ntf3-/- mice show normal taste bud size and number [87], Ntf3-/-
/Bdnf-/- double mutants show a much greater loss in taste bud number than Bdnf-/- mice 
alone [107].  This finding suggests that NT-3 may have a more important role in 
supporting taste neurons and bud development when BDNF is also absent.   
In addition, the difference in the geniculate neuron number of the Bdnf-/-/Ntf4-/- 
mice and the TrkB-/- mice could due to other factors that bind to TrkB receptor. For 
example, G protein-coupled receptor ligands (e.g. adenosine), which have been shown to 
trans-activate the Trk receptors in the absence of neurotrophins, may contribute to the 
different neuron number seen in Bdnf-/-/Ntf4-/- mice and the TrkB-/- mice at E12.5. In vitro 
data indicates that adenosine and adenosine agonists can activate Trk receptor 
phosphorylation, which via a mechanism that requires adenosine 2A receptor ([108], 
[109]). In vivo studies indicate that motor neuron survival after facial nerve injury is 
significantly enhanced by the activation of TrkB receptor by adenosine agonists ([110]). 
Adenosine has also been shown to enhance sweet taste through adenosine receptor, 
indicating its role involving the taste system ([111], [112]). Adenosine receptors are 
expressed in the sympathetic neurons as well as the autonomic ganglia ([113]), indicating 
they may also be expressed in the geniculate ganglion. It is possible that adenosine trans-
activate TrkB receptor in the absence of BDNF and/or NT-4 and promotes geniculate 
neuron survival during early development. Taken together, these findings indicate that 
other factors such as adenosine can also function through TrkB to support geniculate 
neuron survival during early developmental ages, however, these roles are temporary.  
We also observed that more taste buds remained in the TrkB-/- mice than Bdnf-/-
/Ntf4-/- mice by day of birth. This finding is somewhat consistent with previous reports 
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that TrkB-/- mice retain a substantial number of taste buds [83], while Bdnf-/-/Ntf4-/- mice 
have almost no taste buds remaining [94].  A previous examination of TrkB-/- mice 
claimed that these mice lose most of the geniculate neurons and have no remaining taste 
innervation to the tongue [83]. As a result the TrkB-/- mice have provided evidence that 
innervation is not required for the development of taste buds.  Contrary to this claim, 
many studies have shown that taste buds require taste fiber innervation to support their 
postnatal development ([114], [115], [116]). To re-examine the earlier claim that taste 
buds survive in the absence of innervation in TrkB-/- mice and to address why there are 
more taste buds in TrkB-/- mice than Bdnf-/-/Ntf4-/- mice, we quantified innervation.  These 
experiments led us to conclude that the remaining taste buds in TrkB-/- mice were better 
innervated than for Bdnf-/-/Ntf4-/- mice and there are more innervated taste buds in TrkB-/- 
mice than Bdnf-/-/Ntf4-/- mice.  We also observed un-innervated taste buds in both mutant 
genotypes, which do not normally occur.  These taste bud remnants were smaller than 
normal taste buds, but demonstrate that in mice some keratin 8 stained profiles do not 
require innervation to be maintained. This finding is consistent with mouse studies where 
some small keratin 8 positive groups of cells remain following nerve sectioning in the 
mouse [117].  These un-innervated keratin 8 remnants do not have pores and may or may 
not differentiate into functional taste cell types.  Thus, whether or not taste buds remain 
in the absence of innervation depends largely on how taste buds are defined. We also 
found that the number of these un-innervated taste buds is similar in the two mutant 
groups, confirming that the increase in taste bud number in the TrkB-/- mice compared to 
Bdnf-/-/Ntf4-/- mice is due to increased taste innervation in these mice. Consistent with our 
finding that taste buds are better innervated at birth in TrkB-/- mice we found significantly 
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more taste fibers in the TrkB-/- mice than Bdnf-/-/Ntf4-/- mice. Based on these experiments, 
we conclude that the increased taste bud survival in TrkB-/- mice compared to Bdnf-/-/Ntf4-
/- mice is due to more taste innervation remaining in the tongues of TrkB-/- mice.  
Since we found that TrkB-/- mice have better taste innervation compared to Bdnf-/-
/Ntf4-/- mice during development, we speculated that other receptors that response to 
BDNF and/or NT4, such as truncated TrkB, may also mediate taste innervation. However, 
our data showed that the remaining geniculate neurons in the TrkB-/- mice do not express 
any of the TrkB isoforms including the truncated TrkB isoform, indicating other 
mechanism(s) must be involved. We speculate that this differential effect on the taste 
innervation of TrkB-/- and Bdnf-/-/Ntf4-/- mice may due to the contribution of Schwann 
cells. Although the TrkB receptor is not expressed in the geniculate neurons in TrkB-/- 
mice, it could remain in Schwann cells of TrkB-/- mice.  Consistent with this idea we 
observed a large amount of TrkB-positive tissue surrounding the geniculate ganglia. If 
this tissue contains glial cells that express the truncated TrkB-receptor then this receptor 
could mediate BDNF-evoked calcium signaling ([118]) and affect axonal growth. 
Another possibility is that BDNF could promote Schwann cell myelination independent 
of TrkB ([119]). Therefore Schwann cell myelination may be more severely affected in 
the Bdnf-/-/Ntf4-/- mice than in the TrkB-/- mice. It is known that myelination protects the 
integrity of axons ([120]), and impairments of myelination in Bdnf-/-/Ntf4-/- mice my lead 
to degeneration of axons and result in less taste innervation. 
Our findings showed that about one-third of the normal number of taste buds 
remained in the tongues in the TrkB-/- mice, although only one-tenth of the normal 
number of geniculate neurons remained to innervate the tongue. The remaining number 
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of taste buds is surprisingly large considering the huge loss in geniculate neuron numbers. 
However, this is consistent with several studies that demonstrate that loss of taste buds is 
not directly predictable from neuron loss [89].  For example, Ntf3-/- mice lose geniculate 
neurons ([103], [47] but do not lose taste buds [87]). In the Ntf4-/- mice, roughly half of 
the geniculate neurons were gone, but there was only very modest loss of taste buds [89], 
[51]. The reason more taste buds were maintained than might be expected based on the 
loss of neurons is because each taste bud is innervated by multiple geniculate neurons 
([121]). In the TrkB-/- mice, about 194 (97/side) geniculate neurons remain to innervate 
the 31±3 remaining taste buds on the tongue.  Therefore, the number of geniculate 
neurons in TrkB-/- mice was still sufficient to support the additional taste buds we 
observed in TrkB-/- mice compared with Bdnf-/-/Ntf4-/- mice.  Since roughly the same 
number of neurons remains in the geniculate ganglion of Bdnf-/-/Ntf4-/- mice and TrkB-/- 
mice, it follows that there are sufficient neurons available in Bdnf-/-/Ntf4-/- mice to 
maintain 31 taste buds also.  So why were their fewer taste buds remaining in the tongue 
of Bdnf-/-/Ntf4-/- mice?   In addition to the neuron loss, Bdnf-/-/Ntf4-/- mice show disrupted 
target innervation of remaining afferents, much like with Bdnf-/- mice [56]. The failure of 
these remaining neurons to successfully reach their targets contributes to the loss of 
innervation to taste buds in Bdnf-/-/Ntf4-/- mice. 
If TrkB-/- and Bdnf-/-/Ntf4-/- mice lose approximately the same number of 
geniculate ganglion neurons during development, and the reduced taste innervation in 
Bdnf-/-/Ntf4-/- mice compared to TrkB-/- mice is due to disrupted target innervation in Bdnf-
/-/Ntf4-/- mice, the implication of these findings is that target innervation is not disrupted 





ganglion neurons remaining in TrkB-/- mice, were very successful at innervating the 
tongue surface.  These neurons completely lack all forms of the TrkB receptor, yet are 
better at innervating taste buds than the remaining neurons in the Bdnf-/-/Ntf4-/- mice, 
indicating that they are responsive to BDNF, NT-4 or both.  It is likely that other 
neurotrophins and their receptors are responsible for the survival of these geniculate 
neurons.  Other neurotrophin receptors are expressed in the geniculate ganglion ([122], 
[123]), the most notable of which is the NT-3 receptor TrkC and the receptor for the Gdnf 
family of ligands, Ret [124], [125], [126].  While other neurotrophins are likely involved 
in the survival of these remaining neurons, BDNF and NT-4 must somehow be involved 
in the ability of these neurons to innervate the lingual epithelium. Among the remaining 
possible mechanisms is the p75 receptor, which binds BDNF and NT-4 in addition to 
other neurotrophins.  Future studies are needed to examine how BDNF and/or NT-4 
function through p75 receptor to support the survival of geniculate neurons and how 
TrkB interacts with p75 to regulate taste development. 
  
CHAPTER 3 
THE NEUROTROPHIN RECEPTOR P75 REGULATES GUSTATORY NEURON 
SURVIVAL AND MEDIATES TASTE NERVE INNERVATION THE MID-
REGION OF THE TONGUE
3.1 Introduction 
 Neurotrophins are a group of target derived growth factors that were first 
identified as survival factors in sympathetic and sensory neurons. Since then they have 
been shown to be important regulators in many other aspects of development and 
function of peripheral neurons. Neurotrophins bind to two types of receptors: the tyrosine 
kinase receptor (Trk) and the p75 neurotrophin receptor, which is a member of tumor 
necrosis factor (TNF) receptor superfamily ([26]). The functions of Trk receptors after 
neurotrophin binding are well understood, including cell survival, proliferation, axon 
growth, and synapse plasticity. However, the function the p75 remains unclear. Previous 
studies have shown opposite roles of p75 in cell survival and apoptosis. 
In the peripheral nervous system, the p75 and Trk receptors are usually co-
expressed. The p75 receptor can function as a positive survival factor by enhancing Trk 
receptor function. For example, p75 was found to be a pro-survival in regulating TrkA 
function in vitro by increasing the number of high-affinity binding sites ([127], [128]). In 
vivo data showed that p75-/- mice lose sensory and sympathetic innervation ([129], [31], 
[130]). In addition, trigeminal neurons and sympathetic neurons in the p75-/- mice require 
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four folds more NGF for cell survival than wild type neurons ([129], [31],). This finding 
indicates mutants of the p75 receptor have lower sensitivity for neurotrophin signaling 
through the TrkA receptor. All of these data support the hypothesis that p75 function as a 
positive modulator upon Trk receptor function. 
On the other hand, several studies indicate that p75 function as a pro-apoptosis 
factor as a result of ligand binding ([30], [131]). The examination of p75-/- mice not only 
supports a pro-survival role ([129], [31], [130]) in some neuron populations, but in some 
other cases, supports the opposite function. For example, the number of cholinergic 
neurons in the basal forebrain of p75-/- mice was significantly increased compared to wild 
type mice ([132], [133]). These results indicate that p75 serve as a pro-apoptosis factor in 
these cell populations. Observations in embryonic retina showed that p75 is required for 
NGF-mediated apoptosis ([30]). Specifically, NGF binding to p75 in the absence of TrkA 
induced apoptosis of precursor cells, while blocking both NGF and p75 with antibodies 
prevented apoptosis ([30]). In addition, the neurotrophin BDNF, which does not activate 
Trk receptors on sympathetic neurons, activates p75 to cause neuronal apoptosis [131]. 
The apoptosis role of p75 is also observed in vitro. Cultured glial cells expressing p75 are 
effectively killed by NGF ([134]). Similarly, cultured embryonic trigeminal neurons are 
killed by NGF through binding to p75 ([135]). This evidence firmly supports the 
hypothesis that p75 induce apoptosis by direct neurotrophin binding. 
The p75 receptor also exhibits a ligand-independent pro-death role. It has been 
shown that temperature sensitive immortalized neural cells expressing p75 die when p75 
was unbound. Also, binding by NGF or antibody inhibited cell death induced by p75 
([136]). In addition, down-regulation of p75 with antisense oligonucleotides in sensory 
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neurons prevents NGF-mediated survival at the stage of target innervation; however, at 
later embryonic developmental ages, p75 knockdown promotes the survival of neurons in 
the absence of NGF ([137]). This study indicates p75 may switch functions during 
different developmental ages. These observations taken together suggest a neurotrophin-
independent apoptosis function for p75, which could be explained by a intracellular death 
domain in the p75 receptor analogous to the death domains in other TNF receptor family 
members ([138], [139]).  
In addition to its function in regulating neuron numbers, the p75 receptor has also 
been reported to mediate axon growth ([140], [141]) and maintain innervation to 
peripheral targets ([31], [130]). For example, p75-/- mice have been shown lose sensory 
innervation to their footpads ([31]). Removal of p75 also leads to deficits in sensory 
receptors. For instance, a specific receptor complex, consisting of slowly adapting type 1 
(SA1) mechanosensory neurons and Merkel cells, requires p75 for its maintenance ([142], 
[143], [144]). In some reports, Merkel cell loss may be not due to loss of innervation, but 
a direct effect of p75 signaling in epithelial-derived sensory cells ([143]). Overall, p75 is 
important in regulating innervation as well as peripheral sensory receptors. 
In the taste system, the p75 receptor is expressed in both taste bud cells ([145], 
[146]) and geniculate ganglion neurons ([147]). In vitro studies also showed that p75 is 
involved in geniculate neurite outgrowth ([55]). Mice lacking p75 showed loss of 
geniculate neurons and taste bud loss by adulthood ([147]). However, it remains unclear 
if p75 supports neuronal survival during development and at what age. It is also unknown 
if p75 regulation of neuron number differs depending of the presence or absence of TrkB. 
In addition, it would be interesting to know if p75 regulates taste nerve innervation and 
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taste bud formation. It is possible that p75 removal disrupts taste innervation and as a 
result impairs the formation of the taste bud. It is equally possible that p75 regulates taste 
buds in-dependent of innervation as those seen in the Merkel cells. Here we examined 
neuron survival, target innervation and taste bud formation in p75-/- and TrkB-/-/p75-/- 




Heterozygous TrkB+/- (stock no. 002544) and p75+/- (stock no. 002213) mice were 
acquired from Jackson Laboratories (Bar Harbor, Maine, USA,). The p75-/- embryos were 
obtained by breeding heterozygous mice with a target mutation of the p75 gene. The p75-
/- mice were also bred with TrkB+/- to obtain TrkB+/-/p75+/-. TrkB+/-/p75-/- mice were 
obtained by breeding TrkB+/-/p75+/- mice with p75-/- mice. TrkB-/-/p75-/- embryos were 
obtained by breeding TrkB+/-/p75-/- mice. Animals were genotyped using polymerase 
chain reaction. Embryonic mice were obtained from time breeding of females that were 
examined for plugs the following morning. The day a plug was positively identified was 
designated as embryonic day 0.5 (E0.5). Animals were cared for and used in accordance 
with the guidelines of the U.S. Public Health Service Policy on Humane Care and Use of 




3.2.2 Quantification of geniculate ganglion neuron number 
Embryos aged E13.5 (p75-/- n=3, TrkB-/-/p75-/- n=2, and wild-type n=3), E14.5 
(p75-/- n=3, and wild-type n=3), E16.5 (p75-/- n=3, and wild-type n=3) and E18.5 (p75-/- 
n=3, and wild-type n=3) were transcardially perfused with ice cold 4% phosphate-
buffered paraformaldehyde (PFA). Following perfusion, embryos were post-fixed 
overnight in 4% PFA. Following fixation, embryo heads were dissected and moved to 70% 
ethanol and processed for paraffin embedding. Geniculate ganglion neurons were 
visualized by class III β-tubulin (TUJ-1) antibody as previously described ([52]). Briefly, 
serial sections (5um) of paraffin embedded embryos were collected on SuperFrost Plus 
slides (Fisher Scientific). Paraffin was removed by immersion in Citrisolv overnight. 
Following rehydration and endogenous peroxidase blocking, slides were treated for 
antigen retrieval in citrate buffer (0.1 M citric acid, 0.1 M sodium citrate, dH2O; pH 6). 
Sections were washed in PBS and blocked for 1 hr in blocking solution (PBS, 5% goat 
serum, 0.25% Triton X-100), and were incubated overnight in mouse anti-β-III tubulin 
antibody (1:500, Covance, Princeton, NJ, USA; catalog #MMS-435P) in blocking 
solution. On the following day, sections were washed and incubated for 1.5 h in 
biotinylated anti-mouse secondary antibody (1:250, Vector Laboratories, Burlingame, 
CA, USA; #BA-2000) in blocking solution, and visualized with an ABC 
diaminobenzidine reaction kit (Vector Laboratories, Burlingame, CA, USA; #PK-6200). 
For the measurement of geniculate neuron number, the TUJ-1 antibody was used 
to identify and count neuronal profiles in sections where the nucleus was visible.  
Neuronal profiles were counted in six representative sections per ganglion. The volumes 
of geniculate ganglion in these six sections were measured. The volume of the total 
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geniculate ganglion volume was also measured. To estimate the total volume of the 
geniculate ganglion, the size of geniculate ganglion in each section was measured and 
multiplied by the section thickness (5um) to derive the volume of the single section; these 
volumes were added to derive the total volume for the entire ganglion. The total number 
of neuronal profiles of the entire ganglion was estimated as the product of the number of 
profiles per volume of the counted section × the total volume of the entire ganglion. The 
total number of neurons per ganglion was estimated by multiplying the number of total 
neuron profiles by a correction factor to compensate for the presence of a nucleus in 
multiple sections (Abercrombie, 1946). The correction factor was calculated according to 
the formula: N = n × [T/(T × D)], where N is the estimated total number of neurons, n is 
the number of nuclear profiles, T is the measured section thickness, and D is the average 
diameter of the nuclei ([52]).  
 
3.2.3 Quantification of taste bud number and taste bud innervations 
Mice at day of birth (p75-/- n=5, TrkB-/-/p75-/- n=3, and wild-type n=4) and mice at 
p10 were (p75-/- n=3 and wild-type n=3) were anesthetized and transcardially perfused 
with ice cold 4% PFA. The front of the tongue containing the fungiform field was 
separated and post-fixed in 4% PFA for two hours. Tongues were then placed in 30% 
sucrose overnight as cryoprotectant. The following day, tongues were embedded in OCT 
(Sakura Finetek USA, Inc., #4583). Serial sagittal sections of the tongue (25um) were 
collected onto SuperFrost Plus slides (Fisher). For antigen retrieval, sections were heat 
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dried overnight, rehydrated, placed into citrate buffer (pH 6.0), heated for 15 min in a 
boiling water bath, and incubated for 10 min at RT.   
For primary antibodies, rat anti-Troma1 antibody (1:50 Developmental Studies 
Hybridoma Bank) and rabbit anti-P2X3 antibody (1:500, Millipore, #AB5895) were used 
to label taste buds and taste fibers. Secondary anti-rat Alexa 488 (green) and anti-rabbit 
Alexa 555 (red) antibodies (1:500, Molecular Probes) were used to visualize taste buds 
and taste fibers respectively. The sections were examined in order, and the taste buds 
were followed across sections so that each taste bud was only counted once. 
To measure the innervation within the taste bud, confocal stacks of optical 
sections with a Z step of 0.5 were imaged of 3-5 taste buds from every mouse for each 
genotype (p75-/- n=5, and wild-type n=4) and then analyzed by ImageJ 
(http://rsbweb.nih.gov/ij/). The area occupied by the taste bud in each image section was 
measured; areas were summed and multiplied by section thickness (0.5um) to calculate 
taste bud volume. The area occupied by P2X3 positive staining within the outlined taste 
bud was also measured in each optical section; these areas were summed and multiplied 
by section thickness (0.5µm) to measure the volume of innervation within the taste bud. 
The percentage of the taste bud that was occupied by innervation was determined by 




3.2.4 Geniculate ganglia labeling using DiI 
Embryos at ages E14.5, E16.5 and E18.5 were anesthetized and transcardially 
perfused in ice cold 4% (PFA). Tongues were post fixed in 4% PFA overnight. DiI 
labeling was performed as described previously ([50]). Embryos were incubated at 37°C 
for 2–8 weeks depending on the age of the embryo. The tongue was then dissected, 
examined, and photographed using a fluorescent dissecting microscope (Leica MZFL) 
equipped with a camera (QImaging CE). Images were collected from tongues of p75-/- 
and wild-type mice at the following ages: E14.5 (p75-/- n=3 and wild-type n=3), E16.5 
(p75-/- n=6 and wild-type n=5) and E18.5 (p75-/- n=4 and wild-type n=6). 
 
3.2.5 Data analysis 
The total neuron numbers were compared between genotypes on embryonic days 
E13.5, E14.5 E16.5, and E18.5 using a two-way analysis of variance (ANOVA). The 
taste bud number and volume, number of innervated data were compared using one-way 
analysis of variance (ANOVA). The alpha levels were set at p<0.05 for all statistical 





3.3.1 The p75 receptor does not mediate neurotrophin survival/death during early 
development 
Mice lacking the p75 receptor lose about 25% of geniculate neurons by adulthood 
([147]). However it remains unclear if p75-/- mice lose neurons during embryonic ages 
and if so when this loss happens. Geniculate neuron survival depends on both BDNF and 
NT-4. It has been shown that Ntf4-/- mice start to lose geniculate neurons at E11.5 while 
Bdnf-/- mice start neuron loss at E13.5 ([51,52]). In chapter 2, I showed that most of 
geniculate neurons are lost in TrkB-/- and Bdnf-/-/Ntf4-/- mice by E13.5, suggesting that 
TrkB is the primary receptor for BDNF and NT-4 in regulating neuron survival. However, 
it is possible that either BDNF or NT-4 can also function through p75 receptor to support 
neuron survival. To test this hypothesis, we examined the geniculate neuron number in 
p75-/- and TrkB-/-/p75-/- mice at E13.5. We reasoned that if the p75 receptor mediates 
geniculate neuron survival by the binding of BDNF or NT-4, we would see neuron loss in 
p75-/- mice by E13.5, and we also would see a decrease in neuron number of TrkB-/-/p75-/- 
mice compared to the TrkB-/- mice at this age. 
Using anti-β-III tubulin antibody (TUJ-1), geniculate neurons were easily 
identified due to their clear nucleus and dark cytoplasm (Figure 13). We counted the 
number of geniculate neurons in p75-/- mice, TrkB-/-/p75-/- mice and wild type mice 
(Figure 14) and compared them with data from TrkB-/- mice (Chapter 2). We found that, 
compared to the wild type mice, there was no significant neuron loss in p75-/- mice. In 
addition, TrkB-/- mice and TrkB-/-/p75-/- mice lose most of their geniculate neurons, and 
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there is no significant difference between the number of remaining neurons in TrkB-/- 
mice compared with TrkB-/-/p75-/- mice. These results indicate that p75 does not function 
by mediating BDNF and NT-4 to support taste neuron survival during early development. 
In addition, removing p75 along with TrkB neither enhances the loss of neurons seen in 
TrkB knockouts, nor rescues the loss of neurons in TrkB knockouts.  Taken together 
these data indicate that p75 is neither a pro-survival nor a pro-death factor for taste 
neurons during early development. 
 
3.3.2 Geniculate neurons were lost in p75-/- mice from E14.5 to E18.5 
Since p75 mutant mice lose about 25% geniculate neurons during adulthood and 
p75-/- mice have similar neuron number compared to wild type at E13.5, we examined a 
later age, E18.5, to ask if the neuron loss occurs before birth. We found that compared to 
wild type mice, p75-/- mice lose about 36% of their geniculate neurons at E18.5 (Figure 
16). This result indicated that the effect of p75 in regulating neuron number is an 
embryonic effect that is maintained until adulthood. To address when this effect occurs, 
we examined neuron loss in p75-/- mice at earlier ages E14.5 and E16.5. At E14.5, 
geniculate ganglion was smaller in p75-/- mice (Figure 15), and geniculate neuron number 
in the wild type mice and p75-/- mice are 528±69 and 412±21, respectively. At E16.5, 
geniculate neuron number in the wild type mice and p75-/- are 435±56 and 254±37, 
respectively. There are significantly fewer neurons remaining in the p75-/- mice compared 
to the wild type mice at both ages (p<0.01). Taken together with previous neuron 
counting, we conclude that p75-/- mice start to lose geniculate neurons at E14.5 and this 
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loss continues until later ages. Since E14.5 is the age taste nerves start to innervate 
peripheral targets ([56]) and neuron number is controlled by the amount of trophic 
support from the peripheral targets, we reasoned that the loss of geniculate neurons seen 
in p75-/- mice may due to disrupted innervation to the peripheral targets. 
 
3.3.3 Taste nerves lose taste innervation to the mid-region of tongue in p75-/- mice  
To address the possibility that neuron loss in p75-/- mice may due to disrupted 
innervation, we used DiI-labeling of the geniculate ganglion to examine taste innervation 
in the p75-/- mice during development. In the wild type mice, at E14.5, chorda tympani 
fiber bundles are visible from the dorsal surface of the tongue and formed a bulblike 
termination called a “neural bud” ([42]). Chorda tympani fibers reach the entire medial-
to-lateral epithelium surface of the tongue and neural buds are visible across the dorsal 
surface of the tongue by E14.5. In contrast, in the p75-/- mice, there were only a few 
neural buds present at the dorsal surface of the tongue (Figure 17 B). The neural buds in 
the p75-/- mice at E14.5 were located at both anterior and posterior region of the tongue. 
A few neural buds were visible at the tip of the dorsal tongue.  Since innervation of the 
tongue proceeds from caudal to rostral during development ([148]), neural buds at the 
tongue tip suggest that axonal growth and targeting is not delayed in the p75-/- mice.  
To determine if the loss of taste innervation in the p75-/- mice continued through 
the later developmental ages, we examined the innervation pattern in p75-/- mice at E16.5 
and E18.5. The loss of innervation in the p75-/- mice persisted during the later ages. In the 
p75-/- mice, at E16.5, the chorda tympani innervation pattern was similar to E14.5. 
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Compared to the wild type mice, the innervation to the tip of the dorsal tongue looks 
similar. However, at the posterior part of the dorsal tongue surface, there were fewer 
neural buds around the middle region of the tongue in the p75-/- mice. In fact, fiber 
branches do not even enter the tongue mid-region in p75-/- mice. This loss of neural buds 
to a specific region of the tongue continued to a later age, E18.5. At E18.5, the neural bud 
number in the p75-/- mice was severely reduced compared to wild type littermates (Figure 
17 F). The density of neural buds was highest at the tip of the tongue. At the posterior 
part of the tongue, neural buds were only seen at the very lateral edges of the tongue 
surface. We sectioned the tongue and examined the innervation to the dorsal surface, 
these results confirmed that the tip of the targets of the tongue in the p75-/- mice were 
innervated, however, p75-/- mice lose innervation to the posterior part of the tongue 
(Figure 18). Taken together, these results show that p75-/- mice lose innervation to the 
medial-caudal area of the tongue during development. 
 
3.3.4 Taste buds are lost and taste bud innervation is reduced at P0 in p75-/- mice 
It has been reported that p75 is important for maintaining the normal number of 
circumvallate taste buds in adulthood ([147]). The same report found that p75-/- mice lose 
about 36% of their fungiform papillae and 25% of their fungiform taste buds by 
adulthood. However, it remains un-determined if p75 regulates fungiform taste buds 
during development. Here we used Troma-1 and P2X3 anti-bodies to label taste buds and 
taste nerves of p75-/- mice at P0 to determine how p75 regulates fungiform taste bud 
formation. In wild type mice all taste buds were innervated; however, we found both 
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innervated and un-innervated taste buds in the tongue sections at P0 in the p75-/- mice 
(Figure 19 C). This finding is consistent with embryonic innervation patterns, which 
show that innervated taste buds are near the tip of the tongue while the un-innervated 
taste buds are located at the posterior area of the tongue. We measured the volume of the 
two types of taste buds and found that innervated taste buds were significantly larger than 
un-innervated taste buds. We also counted the number of taste buds in the p75-/- mice 
(Figure 20). Compared to the wild type mice, the number of taste buds in the p75-/- mice 
was significantly decreased (wild type=103±7, n=5, p75-/-=60±4, n=4), suggesting that 
proper innervation is required for the normal development of taste buds. Mutation of the 
p75 receptor disrupted innervation to the taste bud causing a loss of both taste bud 
number and volume (Figure 21).  
It is well established that innervation is required to support taste buds during 
development ([77], [78]); therefore, it is likely that uninnervated taste buds would be lost 
at later ages. To determine if those un-innervated taste buds remain until later 
developmental ages, we counted the taste bud number in the p75-/- mice at P10. 
Compared to the wild type mice (116±7), there are about 75±2 taste buds in the p75-/- 
mice. Surprisingly, no additional taste buds were lost in p75-/- mice at P10 (35%) compare 
to P0 (42%), suggesting there may be other mechanism/s that support the survival of un-
innervated taste buds in p75-/- mice (Figure 22). 
BDNF and NT-4 have been shown to promote apoptosis of sympathetic neurons 
through p75 in the absence of TrkB ([149], [131]) However, since neuron number is not 
rescued in TrkB-/-/p75-/- mice compared to the TrkB-/- mice, this does not appear to be the 
case for the developing taste system. Surprisingly, we did observe a rescue of taste bud 
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number in the TrkB-/-/p75-/- mice compared to TrkB-/-. At P0, TrkB-/-/p75-/- mice retained 
more taste buds than the TrkB-/- mice, more interestingly, Troma1/P2X3 staining 
experiments showed that these remaining taste buds are P2X3 negative (Figure 19H), 
there was no taste innervation to these taste buds in the TrkB-/-/p75-/- mice. These results 
indicated that p75 may function to promote apoptosis in the taste bud in the absence of 
innervation; this finding is consistent with the finding that un-innervated taste buds 
remain in the tongues of P10 p75-/- mice.  
 
3.4 Discussion 
Geniculate neurons depend equally on BDNF and NT-4 for survival, however, it 
happens at different times and via different mechanisms ([46], [52], [51]). NT-4 derived 
from the ganglion and along the projection pathway supports geniculate neuron survival 
as early as E11.5, via a caspase-3 independent mechanism. From E13.5 to E18.5, BDNF 
acts as a classic target derived survival factor to prevent cell death via a caspase-3 
dependent pathway. Most of the geniculate neurons are lost in Bdnf-/-/Ntf4-/- mice and 
TrkB-/- mice by E13.5. There is no significant difference in the remaining neuron number 
between Bdnf-/-/Ntf4-/- mice and TrkB-/- mice, suggesting that TrkB acts as the primary 
receptor for taste neuron survival during the early developmental ages. However, a sub 
population of taste neurons remained in the TrkB-/- mice, and these neurons succeed in 
innervating and supporting the taste bud formation. To test if the p75 receptor supports 
the survival of this sub-population of neurons, we examined the geniculate neuron 
number in p75-/- mice and TrkB-/-/p75-/- mice at E13.5. We found that p75-/- mice do not 
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lose taste neurons compared to the wild type, indicating that p75 does not promote 
survival.  In addition, we found that there was no increase of neuron loss in TrkB-/-/p75-/- 
mice compared to TrkB-/- mice. This finding indicates that p75 is not required for the 
survival of the TrkB-independent subpopulation of taste neurons.  
The p75 receptor has been shown to promote neuronal apoptosis when the Trk 
receptors are absent ([30], [131], [150]). For example, early embryonic endogenous NGF 
causes death of retinal neurons that express p75 but not TrkA ([30]). BDNF activates p75 
to induce apoptosis of sympathetic neurons ([131]). Loss of both TrkA and p75 rescues 
part of the neuronal death in DRG neurons caused by TrkA removal, which suggests that 
apoptosis is in part due to the pro-death role of p75 ([151]). However, we didn’t observe 
the same effect for the geniculate neurons. At E13.5, TrkB-/-/p75-/- mice have similar 
geniculate neuron numbers as TrkB-/- mice. This result indicates a possible different role 
of p75 in taste neurons than in DRG neuron survival ([151]). This difference may be due 
to differences in Trk expression. Specifically, the mutants of TrkA and TrkC caused 
apoptosis for the sympathetic and sensory neurons, but TrkB may not since it is less 
involved in those populations. In taste neurons, TrkB is the major receptor that regulates 
neuron survival, so that may be why TrkB-/-/p75-/- mice did not show a rescue in neuron 
loss as those seen in TrkA-/-/p75-/- mice. Also, the study only measured the number of 
caspase-3 positive DRG neurons, instead of comparing the actual DRG neuron number in 
TrkA-/- and TrkA-/-/p75-/- mice. It is possible the remaining DRG neurons in the TrkA-/-
/p75-/- mice is similar to TrkA-/- mice, which is in line of our findings. Overall, our results 
indicate that p75 does not cause neuronal apoptosis when TrkB is absent during taste 
neuron development.  
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Although the p75 receptor does not support taste neuron survival during early 
development, we do find that p75-/- mice lose geniculate neurons by E14.5 and the loss 
continues until E18.5. This is after normal neurotrophin dependence begins so it is not 
likely that p75 functions by mediating the effects of neurotrophins on neuron survival.  
Instead, since taste nerves reach the tongue epithelium and innervate fungiform placodes 
at E14.5 ([42], [56]), the reduced target innervation in p75-/- mice results in reduced 
neurotrophin support from the peripheral targets. This could lead to the loss of taste 
neurons starting from E14.5. Consistent with our finding, it has been shown that p75 is 
required for normal axon growth to distant targets in other systems ([31], [130]). We 
found that at as early as E14.5, there were fewer neural buds innervating the fungiform 
placodes in p75-/- mice. The taste nerves reach the tip of the tongue which is normally the 
last part of the tongue innervated ([148]), this means that taste nerve growth is reduced 
rather than delayed in the p75-/- mice. In addition, there was only a 30% loss in geniculate 
neuron number; however, we observed much more severe loss of taste innervation across 
ages from E14.5 to E18.5. Given that the impact on innervation pattern appears more 
substantial than the neuron loss, it is more likely that disrupted innervation caused 
reduced number of neurons than the other way. Regardless our findings demonstrate that 
p75 functions in supporting taste nerve growth to fungiform placodes, particularly in the 
tongue mid-region. 
The number of neural buds in p75-/- mice was decreased, and most of the taste 
nerve endings were missing near the middle and caudal area of the tongue. This pattern is 
very unique. One possible explanation of this specific innervation pattern is that p75 





epithelium as early as E13.5 and continues to at least E18.5, and is evident in those 
fungiform papillae that are penetrated by taste nerves ([64]). Sema3A repels geniculate 
ganglion axons in vitro, and Sema3A mutant mice showed increased taste innervation to 
the middle line of the tongue [54]. In addition, these repellent effects of Sema3A were 
neurotrophin dependent, both BDNF and NT-4 stimulated taste nerve outgrowth were 
repelled by Sema3A during development ([63]).  Furthermore, DRG neurons in p75-/- 
mice are hypersensitive to the Sema3A, indicating that p75 is an important modulator of 
Sema3A activity ([152]). Lastly, Sema3F, which is also expressing in the tongue, may 
also be involved in loss of taste innervation in the p75-/- mice due to its repellent effect of 
NT-4 dependent neurite outgrowth ([63], [55]).  
We observed an increased taste bud number in TrkB-/-/p75-/- mice compared to 
p75-/- mice. These remaining taste buds in TrkB-/-/p75-/- mice are not innervated; 
indicating the increase of taste bud number is not due to better innervation from the taste 
neurons. Studies in Merkel cells have shown that p75 may function in the survival of 
peripheral targets independent of nerve innervation ([143]). In addition, TrkB expression 
is almost undetectable in tongue epithelium ([153]), so in this location p75 is functioning 
independently of TrkB. One possible explanation of this rescue in taste bud number is 
p75 positively regulates p53, Bax, caspase-2 signaling death pathway. It has been shown 
that p53, Bax, caspase-2 are involved in mouse circumvallate taste cell death ([154]). In 
addition, it has been shown that p75 regulates p53 associated sympathetic neuron death 
([155]). Thus, in the absence of p75, the p53-Bax-caspase-2 death pathway could be 




The Trk receptors (TrkA, TrkB, TrkC) and the p75 receptor regulate the 
physiological outcomes of neurotrophins. Typically, the Trk receptors mediate the 
classical survival and growth properties of the neurotrophins, while the p75 receptor has 
been shown to regulate multiple physiological functions. In taste system, BDNF and NT-
4 are two major neurotrophins regulating taste neuron survival, taste innervation, and 
taste bud development.  BDNF and NT-4 are expressed at different times and locations in 
the taste system, and are responsible for differential aspects of taste development. 
However, the receptor mechanisms of neurotrophins regulating taste development were 
previously barely examined. In addition, the biological effects of p75 vary dramatically in 
different systems and have not yet been examined systematically in taste development.  
My studies of TrkB and p75 mutants provided direct evidence for how these receptors 
contribute to taste system development, and will lead to potential mechanisms for the 
functions of TrkB and p75. 
The numbers of taste neurons are equally controlled by BDNF and NT-4 during 
development. By E13.5, Bdnf-/-/Ntf4-/- mice and TrkB-/- mice lose most of their geniculate 
neurons.  There is no significant difference in the neuron number between Bdnf-/-/Ntf4-/- 
mice and TrkB-/- mice, indicating that TrkB is the primary receptor for taste neuron 
survival.  In addition, at E13.5, there is no neuronal loss in p75-/- mice and there is no 
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additional neuronal loss in TrkB-/-/p75-/- mice compared to TrkB-/- mice. These results 
together confirmed that TrkB functions as the receptor that mediates geniculate neuron 
survival, and p75 does not function as a regulator to promote BDNF-TrkB and/or NT-4-
TrkB survival signaling. On the other hand, we did not observe a rescue in the geniculate 
neuron number in TrkB-/-/p75-/- mice compared to TrkB-/- mice, suggesting that p75 does 
not regulate taste neuron apoptosis when TrkB is absent. This finding is opposite to the 
findings in the DRG neurons where TrkA-/-/p75-/- mice have reduced caspase-3 positive 
neurons compared to TrkA-/- mice ([151]), demonstrating that p75 removal decreases 
TrkA mediated cell death. This difference may be due to differences in the function of 
different Trk receptors. In this study, it was found that p75 kills neurons in the absence of 
TrkA and TrkC, but not in the absence of TrkB, suggesting a very different role of TrkB 
than the other two receptors.  
 Although our results validated that TrkB as the primary receptor for taste neuron 
survival, we do observe a small subpopulation of geniculate neurons remaining in TrkB-/- 
mice. In addition, these neurons succeed in innervating the peripheral targets.  Our results 
suggest these neurons are not truncated-TrkB dependent, since this subpopulation was 
negative for both full-length and truncated-isoforms of TrkB. They are also not p75-
dependent, because the full length p75 was shown not to regulate their survival.  
However, other isoforms of p75 receptor may be involved. A mRNA splice variant of 
p75 that lacks exon3, which encodes the ligand binding domain, has been reported 
([156]). It is possible that this alternatively spliced form of p75 may contribute to the 
survival of these remaining taste neurons in the TrkB-/- mice. Alternatively, other Trk 
receptors, such as TrkA, might be involved since they were found to be expressed in the 
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geniculate neurons in a limited way ([123]).  It was also shown that TrkA responds to 
NT-4 in fibroblasts ([157]), so it is possible that TrkA mediates part of the NT-4 survival 
response in taste neurons. If so, some of those NT-4 dependent neurons could survive 
through TrkA in the TrkB-/- mice. However, if this is true, it is difficult to explain why 
there was the same number of taste neurons left in the Bdnf-/-/Ntf4-/- mice and TrkB-/- mice 
at E13.5. Since if TrkA mediates those NT-4 dependent neuron survival, those neurons 
would be lost in Bdnf-/-/Ntf4-/- mice but not in TrkB-/- mice, and we would see less neurons 
in the Bdnf-/-/Ntf4-/- mice than TrkB-/- mice. One possible explanation is that NT-3 
functions through TrkB to support another subpopulation in Bdnf-/-/Ntf4-/- mice. Taken 
together, although Bdnf-/-/Ntf4-/- mice and TrkB-/- mice have similar taste neuron number 
at E13.5, those remaining neurons have different neurotrophin and/or neurotrophin 
receptor dependence. However, these possible dependences are subtle. Since most of the 
neurons in TrkB-/- mice and Bdnf-/-/Ntf4-/- mice are lost, we conclude that the majority of 
geniculate neurons depend on BDNF and/or NT-4 for survival, and these two 
neurotrophins mediate survival through TrkB-signaling, but not p75-signaling. 
 We observed different amounts of taste innervation and numbers of taste buds in 
Bdnf-/-/Ntf4-/- mice and TrkB-/- mice. Since neuron number is the same, but target 
innervation and taste bud number are different in TrkB-/- mice and Bdnf-/-/Ntf4-/- mice, we 
reasoned that BDNF and/or NT-4 function through another receptor for mediating 
successful target innervation. Chapter 3 study supports this hypothesis. At E14.5, target 
innervation was severely disrupted in p75-/- mice, indicating a target innervation role for 
p75. In addition, in p75-/- mice, taste neuron number only decreased 22% compared to 
wild type mice. Considering Ntf4-/- mice lose half of their geniculate neurons but the 
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target innervation is barely effected, we reasoned that the number of remaining neurons 
in p75-/- mice was sufficient for normal target innervation. So the loss of taste innervation 
in p75-/- mice could be a direct effect of p75 in taste nerve growth and targeting, and not 
due to neuron loss. To confirm this hypothesis, taste innervation in p75-/- mice at E13.5 
needs to be examined. If taste innervation is disrupted in p75-/- mice at E13.5, since there 
was no loss of taste neuron number at this age, targeting disruption must due to the loss 
of p75 regulation of nerve growth and targeting. In addition, my reasoning is also in line 
with the findings in Chapter 2.  If my hypothesis is true, the remaining neurons in TrkB-/- 
mice would rely on BDNF or NT-4 functioning through p75 for their targeting. Therefore, 
in Bdnf-/-/Ntf4-/- mice, since both neurotrophins are mutated, the targeting role of p75 
would be disrupted in those few neurons that remain. My observation of increased target 
innervation in TrkB-/- mice compared with Bdnf-/-/Ntf4-/- mice is consistent with this idea. 
Furthermore, although geniculate neuron number is the same in the TrkB-/-/p75-/- mice as 
those in TrkB-/- mice, if my hypothesis is true, the hybrid mutants of both TrkB and p75 
should lose more innervation to the taste bud compared to TrkB-/- mice. This was 
confirmed by our observation. At P0, few taste buds in TrkB-/-/p75-/- mice are innervated, 
indicating that p75 is important for taste innervation. Taken together, our results indicate 
that p75 is required for the development of taste innervation patterns.  
 My findings suggest that the number and size of taste buds are controlled by both 
neural innervation and epithelial signaling. In chapter 2, I found that more taste buds are 
developed in TrkB-/- mice than Bdnf-/-/Ntf4-/- mice. This increase in number of taste buds 
in TrkB-/- mice is due to increased taste innervation in those mice compared to Bdnf-/-
/Ntf4-/- mice. This finding supports the classic view: the induction of taste buds relies on 
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neural innervation. However, in chapter 3, I found that TrkB-/-/p75-/- mice have more taste 
buds compared to TrkB-/- mice. Interestingly, those taste buds in TrkB-/-/p75-/- mice are not 
innervated. This finding may support the idea that taste bud induction is nerve-
independent. However, it is also possible that those uninnervated taste buds in TrkB-/-
/p75-/- mice are innervated initially during early embryonic ages. But by the age we 
examined the innervation (P0), they have already been lost. Examination of target 
innervation in TrkB-/-/p75-/- mice at an earlier age is needed to eliminate this possibility. 
In addition, if p75 have a possible function to kill taste buds as I reasoned from the results 
of TrkB-/-/p75-/- mice, there would be an increase in taste bud number in p75-/- mice. 
However, p75-/- mice have fewer taste buds than wild type mice because of decreased 
innervation. This indicates that in the p75-/- mice, the loss of neural innervation is likely 
to predispose these taste buds to die even if the mutant of p75 may lead to an increase in 
taste bud number. Furthermore, in p75-/- mice, innervated taste buds are much larger than 
un-innervated taste buds indicating that, although taste buds can form in the absence of 
innervation, development of the full complement of taste cells and  normal taste bud 
morphology requires neural innervation. 
 My findings indicate TrkB and p75 have distinct roles in regulating taste 
development, which could be mediated by different signaling pathways. A recent 
bioinformatics study ([158]) provided an overview of a network map of BDNF-TrkB and 
BDNF-p75 signaling, which summarized more than one hundred downstream molecules 
that are involved in TrkB and/or p75 function.  The major pathways activated by the 
TrkB receptor are Ras/mitogen-activated protein (MAP) kinase cascades, Rac/cdc42 





diacylglycerol pathways ([159]). Activation of Ras and downstream signals are required 
for normal neuronal differentiation and survival ([160], [161], [162], [163], [164], [165]). 
In addition, activation of PI3-kinase initiates the major pathways through which survival 
signals are conveyed ([166], [167]). These signaling pathways could contribute to the 
neuronal survival role of TrkB receptor activated by BDNF/NT4 in the geniculate 
ganglion.  
My results also indicate that p75 primarily mediates taste nerve growth and 
targeting. In addition, p75 may directly regulate taste bud development in the absence of 
neural innervation. The diverse signaling pathways of p75 may contribute to these effects.  
Activation of p75 receptor leads to nuclear factor-κB (NF-κB), Jun kinase and other 
signaling pathways to promote apoptosis ([168], [169]), which are possibly involved in 
the taste bud development. In addition, neurotrophins binding to p75 eliminate p75-
dependent activation of RhoA which stimulates neurite outgrowth ([140]), suggesting a 
possible mechanism of p75 regulate taste innervation.  
Furthermore, the physiological properties of TrkB and/or p75 mutants could be 
the overall outcome of these mixed mechanisms. Interactions between p75 and TrkB 
receptor signaling could be facilitated by assembly of multi protein complexes that 
interact with both receptors ([170]). Future efforts focusing on sorting out these signaling 







Figure 1. Three types of papillae on the tongue.  
Taste receptor cells, distributed across different papillae. Fungiform papillae contain one 
or a few taste buds and are found in the anterior two-thirds of the tongue. Foliate papillae 
are present at the posterior lateral edge of the tongue and contain a dozen to hundreds of 
taste buds. Circumvallate papillae are found at the very back of the tongue and contain 





Figure 2. An overview of the basic neuroanatomy of the gustatory system.  
A cartoon of geniculate neurons innervating the tongue (red) and the palate (green) and 
petrosal neurons innervating the tongue (blue) are shown innervating peripheral taste bud 





Figure 3. Four types of taste cells in mammals. 
Three types of taste cells in each taste bud (light cells, dark cells, and intermediate cells) 
may represent different stages of differentiation or different cell lineages. Taste stimuli, 
detected at the apical end of the taste cell, induce action potentials that cause the release 
of neurotransmitter at synapses formed at the base of the taste cell with gustatory fibers 
that transmit signals to the brain. Basal cells, small round cells at the base of the taste 











Figure 4. Mammalian Taste Receptors, Cells, and Ligands. 
Detection of the gustatory world is mediated by several distinct classes of taste receptors 
and taste receptor cells. Sweet and umami compounds are sensed by T1R heterodimers, 
while bitter compounds activate T2R receptors. Salt is detected via several mechanisms, 
one of which is thought to rely on the sodium channel ENaC. Sour-sensing cells are 
defined by the expression of PKD2L1, whereas gustatory responses to carbonation are 








Table 1. Neuronal losses in the sensory system of neurotrophin- and neurotrophin 
receptor-deficient mice. 
Neuronal losses in the sensory system of mice carrying targeted mutations in genes 
coding for the different neurotrophins and their receptors. Available information on 
neuronal losses in double homozygous mutant mice is also included. Neuronal losses are 
expressed as the percentage of neurons lost in the mutant compared with wild-type 
controls. In the case of DRG, the modalities lost and the approximate timing for the 
deficit are indicated. TRG, trigeminal ganglion; TMN, trigeminal mesencephalic nucleus. 





Table 2. A general timetable of major morphological changes is provided for rats 
and mice.  
The first sperm/plug positive day is considered day 0.5. Mice typically develop two days 
earlier than rats. The bold time points have been determined experimentally, non-bold 




Figure 5. TUJ-1 labeled geniculate ganglion from Bdnf-/-/Ntf4-/- mice and TrkB-/- 
mice decrease in size compared to wild type mice between E11.5 and E13.5.  
Paraffin-embedded sections were stained with TUJ1 antibody. Geniculate ganglion 
volume from Bdnf-/-/Ntf4-/- mice (B, E, H) and TrkB-/- mice (C, F, I) were smaller than 
those of wild type mice (A, D, G) starting from E12.5. At E11.5, the geniculate ganglion 
were similar in size in wild type mice (A), Bdnf-/-/Ntf4-/- mice (B) and TrkB-/- mice (C).  
At E12.5, the size of geniculate ganglion appeared reduced in Bdnf-/-/Ntf4-/- (E) and TrkB-
/- (F) mice compared to wild-type mice (D).  At E13.5, the size of geniculate ganglion in 
wild type mice (G) appeared larger compared to E11.5 (A), while in Bdnf-/-/Ntf4-/- (H) and 
TrkB-/- mice (I) the ganglion continued to decrease in size. The inset in panel G represents 
a geniculate ganglion at higher magnification, illustrating a cell positively labeled for the 
neuronal marker TUJ-1, with a dark cytoplasm and a clear nucleus. Scale bar in I= 100 




Figure 6. Geniculate ganglia from Bdnf-/-/Ntf4-/- mice and TrkB-/- mice decrease in 
volume and number of geniculate ganglion neurons between E11.5 and E13.5.  (A) 
At E11.5, there was no difference between the geniculate ganglion volumes in wild type, 
Bdnf-/-/Ntf4-/- and TrkB-/- mice. At E12.5 the geniculate ganglion volume was reduced by 
36% and 76% in Bdnf-/-/Ntf4-/- and TrkB-/- mice, respectively, and it was significantly 
smaller in the TrkB-/- mice compared to the Bdnf-/-/Ntf4-/- mice. At E13.5, there was a 
significant increase of geniculate ganglion volume in wild type mice compared to E11.5, 
while there were tremendous losses in Bdnf-/-/Ntf4-/- and TrkB-/- mice. There was no 
significant difference between the two mutant mice at this age. (B) At E11.5, the number 
of geniculate neurons was reduced by 31% and 45% in the Bdnf-/-/Ntf4-/- and TrkB-/- mice 
compared to the wild type mice. At E12.5, the loss was about 48% in the Bdnf-/-/Ntf4-/- 
mice and 81% in the TrkB-/- mice compared to the wild type mice; there were 
significantly fewer neurons in the TrkB-/- mice than Bdnf-/-/Ntf4-/- mice. At E13.5, the 
neuron number was reduced by 80% in Bdnf-/-/Ntf4-/- mice and 87% in TrkB-/- mice 






Figure 7. Both Bdnf-/-/Ntf4-/- mice TrkB-/- mice have fewer and smaller fungiform 
papillae at P0.   
Number and size of fungiform papillae were quantified with scanning electron 
microscopy (SEM) images of tongue from wild type mice (A), Bdnf-/-/Ntf4-/- mice (B) and 
TrkB-/- mice (C). The inset in panel represents individual fungiform papillae from 
different genotypes. There were significantly fewer fungiform papillae at P0 in Bdnf-/-
/Ntf4-/- mice (61±5) and TrkB-/- mice (53±2) compared to wild-type mice (84±2, p<0.01), 
but there was no significant difference in the number and size of fungiform papillae 
between these two mutants. Scale bar in C=300 um and applies to A-C, scale bar in the 





Figure 8. Comparison of taste bud number and size at P0.  
Taste buds were visualized by anti-Troma1 staining from wild type mice (A), Bdnf-/-/Ntf4-
/- mice (B) and TrkB-/- mice (C). Taste bud number was reduced by 87% and 67% in Bdnf-
/-/Ntf4-/- mice and TrkB-/- mice, respectively; however, there were significantly more taste 
buds in the TrkB-/- mice than the Bdnf-/-/Ntf4-/- mice (D). Taste bud volume was smaller in 
the Bdnf-/-/Ntf4-/- mice and TrkB-/- mice compared to the wild type mice, there was no 
significant difference between the two mutant groups (E). Scale bar in C= 10um in C and 






Figure 9.  Comparison of taste bud innervations at P0. 
Anti-Troma1 and anti-P2X3 were used to visualize taste bud and taste nerve in wild type 
mice (A), Bdnf-/-/Ntf4-/- mice (B) and TrkB-/- mice (C). One optical section (D) shows area 
occupied by taste nerve within the taste bud. There were some un-innervated taste buds in 
the Bdnf-/-/Ntf4-/- mice (E) and TrkB-/- mice (F).  (G) Comparison of number of innervated 
and un-innervated taste buds in Bdnf-/-/Ntf4-/- mice and TrkB-/- mice. (H) Comparison of 





Figure 10.  More innervation to the tongue surface remained in the TrkB-/- mice than 
Bdnf-/-/Ntf4-/- mice. DiI-labeled half tongues from in wild type mice (A,D,F), Bdnf-/-/Ntf4-
/- mice (B) and TrkB-/- mice (C,E,G) at E14.5, E15.5 and E18.5. A higher magnification 
view of the E15.5 tongue (H,I, which corresponds to boxed area in D,E, respectively) and 
E18.5 (J, which corresponds to boxed area G. (K) A side view of innervation to the tip of 





Figure 11. Comparison of taste fibers at E16.5.   
Anti-P2X3 and anti-neurofilament antibodies were used to used to label taste nerve fibers 
in wild type mice (A), Bdnf-/-/Ntf4-/- mice (B) and TrkB-/- mice (C).  Scare bar in C= 20um 





Figure 12. Remaining geniculate neurons TrkB-/- mice do not express TrkB.   
Anti-P2X3 was used to label all taste neurons in the geniculate (A,D), anti-GFP was used 
to label TrkB positive geniculate neurons (B,E). Merged pictures in (C,F). Scale bar = 50 





 Figure 13. Tuj-1 labeling geniculate ganglion at E13.5.  
Paraffin-embedded sections were stained with Tuj-1 antibody.  Represented images of 
sectioned geniculate ganglion from wild type (A), p75-/- (B), TrkB-/- (C), and TrkB-/-/p75-/- 







































Figure 14. A comparison of the geniculate neuron number in wild type, p75-/-, TrkB-/- 
and TrkB-/-/p75-/- mice at E13.5.  
Compared to wild type mice, there was no significant difference in neuron number in 
p75-/- mice, while the geniculate neuron number deceased by 86% and 84% in TrkB-/- and 
TrkB-/-/p75-/- mice, respectively. There is no significant difference between the TrkB-/- and 





Figure 15. Tuj-1 labeling of the geniculate ganglion from E14.5 to E18.5.  
Paraffin-embedded sections were stained with Tuj-1 antibody.  Represented images of 
sectioned geniculate ganglion from wild type (A, C, E) and p75-/- (B, D, F) mice. Scale 




Figure 16. A comparison of the geniculate neuron number in wild type and p75-/- 
mice from E14.5 to E18.5.   
Compared to wild type mice, the geniculate neuron number in p75-/- mice decreased by 





Figure 17. Disrupted innervation in p75-/- mice during development.  
Dil-labled half tongue in wild type (A,C,E) and p75-/- mice (B,D,F) from E14.5 to E18.5. 
Typical innervation pattern were seen in wild type mice through E14.5 to E18.5 (A, C, E). 
In the p75-/- mice, chorda tympani branching appears reduced and there are fewer specific 
locations where innervation appears to reach the tongue surface (neural buds).  In 
particular, nerve branches appear to specifically avoid the tongue midline (B, D, F). Scale 





Figure 18. DiI-labeling of sagittal tongue sections.  
At E18.5, chorda tympani fibers were present across the whole surface of the tongue in 
the wild type mice (A). In the p75-/- mice, fibers were only present at the tip of the tongue, 
while most of the chorda tympani fibers were missing from the posterior area of the 





Figure 19.  Troma1 and P2X3 staining of P0 tongue section.  
Taste bud (Green, Troma1, A and F) and taste nerve (Red, P2X3, B and G) were 
visualized in a sagittal section of tongues from p75-/- (A-E) and TrkB-/-/p75-/- mice (F-J). C 
and H are merged images and D, E, I, J are enlarged images from C and H. In the p75-/- 
mice, both innervated (D) and un-innervated (E) taste buds were present. In the TrkB-/-
/p75-/- mice, the remaining taste buds are un-innervated (I, J). Scale bar in C= 100um and 






























Figure 20. A comparison of taste bud number at P0.  
Taste buds were visualized by Troma1 antibody and counted in serial sections.  
Compared to wild type mice, there was a significant decrease in taste bud number in p75-
/- , TrkB-/- and TrkB-/-/p75-/- mice. The decrease was 42%, 70% and 49%, respectively. 
TrkB-/- mice has significantly less taste buds compared to p75-/- and TrkB-/-/p75-/- mice. 




Figure 21. A comparison of taste bud volume at P0.  
Taste bud volume was measured in wild type mice and p75-/- mice.  Compared to the wild 
type mice, innervated taste buds in p75-/- mice had similar size while un-innervated taste 





Figure 22. Taste bud number in p75-/- mice at P10.  
Compared to wild type mice, the number of taste buds in p75-/- mice was deceased by 
35%. Compared to the taste bud number loss in p75-/- mice at P0, there was no further 
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